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Some of the pharmacological actions and clinical uses of Amiphenazole 
(2:4-diamino-5-phenylthiazole; DAPT; Daptazole; DHA 245) have been pre- 
viously considered (Shaw and Bentley, 1952; Shaw et al., 1954; de la Lande and 
Bentley, 1955; Shaw and Bentley, 1955; Shaw and Shulman, 1955a; Shaw and 
Shulman, 1955b; Shulman, 1955; Shulman, Shaw, Cass and Whyte, 1955). These 
have indicated that DAPT may be beneficial in stimulating depressed respira- 
tion of either narcotic (opiate, light barbiturate) or non-narcotic (pneumonia, 
asphyxia neonatorum) origin. 


It is the object of this paper principally to investigate the ability of DAPT 
to stimulate respiration in the decerebrate cat, a method which has the obvious 
advantage of permitting accurate recording of respiration and blood pressure in 
the unnarcotised and immobile animal. This study was suggested by the variable 


effect often found following the administration of DAPT in depressed respira- 
tion. It was also hoped to assess its effect on blood pressure and to gain some 
further insight into its mode and site of action. 


METHOobp. 


Cats were anaesthetized with an ether-chloroform mixture (3:1) and a tracheal cannula 
inserted. Decerebration was performed, bleeding being controlled by digital pressure on the 
vertebral arteries. Artificial respiration was occasionally applied and discontinued as soon 
as spontaneous respiration had recommenced. The saphenous vein was used for intravenous 
administration of the drugs to be tested. One sphygmomanometer cuff was placed around 
the thorax and another around the abdomen of the decerebate cat and the pressure suitably 
adjusted so as to transmit the appropriate respiratory movements to a tambour recording on 
a kymograph. This mechanism was used for registering thoracic and abdominal respiration. 
The tracheal cannula was connected through a T-piece to a tambour and the respiratory 
rate and excursion (a function of the volume) directly recorded in a like manner. The 
carotid arterial pressure was recorded on a mercury manometer. All drugs to be tested 
were freshly prepared and made up in Tyrode solution unless otherwise stated. A constant 
volume of 4 cc. was injected with each drug administration. 





1 This work was aided by grants from the Australian National Health and Medical Re- 
search Council and Nicholas Pty. Ltd., Australia. 
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EXPERIMENTAL. 


Response of respiration to DAPT. Fourteen cats were used and in nine 
instances movement of tracheal air was recorded in addition to abdominal and 
thoracic movement. It was found that following i.v. injections of DAPT in a 
dose of 2-15 mg./kg. the respirations as recorded by abdominal and thoracic air 
movement were stimulated in most instances, the threshold of stimulation show- 
ing a wide variation. The increased activity recorded by abdominal and thoracic 
movement was sometimes associated with more generalized increase of muscular 
activity. For this reason movement of air in the trachea was recorded in the 
nine cases referred to above. Increase in tracheal air movement indicated co- 
ordinated increased activity of respiratory muscles. These findings are illus- 
trated in Fig. 1 which is a record of experiment 10 (cat, wt. 3 kg.). At 1 (Fig. 
1) 5 mg. of DAPT i.v. caused a small rise of B.P., an increase in tracheal air 





Fig. 1. Response of respiration and blood pressure of decerebrate cat (3 
kg.) to DAPT. At 1, 5 mg., at 2, 3 and 4, 20 mg. DAPT injected iv. 
a = Abdominal air movement; b = Thoracic air movement; c = Tracheal air 
movement; d = Blood pressure recording. Time in half minutes. Further 
details in text. 


movement and in thoracic movement with less change in abdominal movement. 
Twenty mg. DAPT ((2) Fig. 1) caused a considerable increase in tracheal air 
movement which was coincidental with the returning phase of the B.P. after a 
temporary sharp fall. This response was repeated at 3 and 4 (Fig. 1). 


The effect of varying the solvent on the response of respiration to DAPT. 
Whether the DAPT was dissolved in saline or Tyrode the respiratory response 
was little altered. This is shown in the following figure (Fig. 2). At 1 is 
shown the response to 20 mg. DAPT dissolved in Tyrode (neutral to litmus, 
pH 7-6); at 4 is shown the response to 20 mg. DAPT dissolved in saline and 
at 5 to 20 mg. DAPT dissolved in Tyrode. The pH of the saline solution of 
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Fig. 2. The effect of varying the solvent on the response of respiration to i.v. DAPT in the 
decerebrate cat (2-6 kg.). At 1 and 5, 20 mg. DAPT in Tyrode; at 4, 20 mg. DAPT in 
saline (pH 4-9); at 2 and 3, phosphate buffer pH 5-0. a= Abdominal air movement; 
b= Thoracic air movement; c=Tracheal air movement; d= Blood pressure recording. 
Time in half minutes. Further details in text. 


DAPT as the hydrochloride was 4-9. At 2 and 3 is shown a negligible response 
to phosphate buffer (pH 5-0). The volume injected in every instance was 4 
ml. This volume of saline or Tyrode alone produced no observable effect on 
respiration at the rate injected. 

The effect of large doses of DAPT on respiration and blood pressure. Fol- 
lowing the injection of a very large i.v. dose of DAPT (30-50 mg./kg.) into the 
decerebrate cat the B.P. falls almost immediately practically to zero. Very 
shortly the respirations also cease after an initial marked stimulation indicated 
by an increase of excursion of the tracheal tambour record of two to three times. 
In three instances artificial respiration was started after one to two minutes, the 
blood pressure slowly recovered and in two instances spontaneous respiration 





Fig. 3. The effect of Nikethamide and large doses of DAPT, injected iv. on the decere- 
brate cat (2-6 kg.). At 1, 40 mg. DAPT; at 2, 40 mg. Nikethamide; at 3, 70 mg. DAPT. 
a= Abdominal air movement; b= Thoracic air movement; c= Tracheal air movement; 
d= Blood pressure recording. AR, artificial respiration. Time in half minutes. Further 
details in text. In the right-hand panel (a) cannula washed out after AR. 
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returned with a much increased respiratory excursion as recorded on the drum. 
These findings are illustrated in Fig. 3 (exp. 12), where at 1 and 3, 40 and 70 
mg. respectively (15 and 26 mg./kg.) of DAPT dissolved in Tyrode was in- 
jected iv. At 3 the initial respiratory stimulation prior to apnoea is well shown. 
Artificial respiration was commenced at AR, and maintained until the blood 
pressure had recovered and spontaneous respiration had recommenced. 

The effect of DAPT on failing respiration. DAPT was administered intra- 
venously to a decerebrate cat (3 kg.) whose condition deteriorated badly late 
after decerebration. It was noticed that as the respirations began to fail the 
injection of 15 and 30 mg. DAPT produced temporary respiratory stimulation 
(Fig. 4). At 1, 30 mg. and at 2 and 3, 15 mg. DAPT (10 and 5 mg./kg.) were 
injected and stimulation of respiration is seen to have resulted following each 
injection. 





Fig. 4. The effect of iv. DAPT on the failing respiration of 


the decerebrate cat (3 kg.). At 1, 30 mg. DAPT; at 2 and 3, 
15 mg. DAPT. a= Thoracic air movement; b = Abdominal air 
movement. Time in half minutes. Further details in text. 


The comparative effect of hypotension produced by different agents on respi- 
ratory stimulation. It is recognised that a severe fall of blood pressure may be 
associated with gasping respiration. Therefore we have investigated the effect 
of hypotension of the same degree produced by histamine, acetylcholine and 
DAPT on the respiration. These findings are illustrated in Fig. 5 where at 1 and 
2 negligible response of respiration is produced by the i.v. injection of 4 ml. 
saline. At 3 slight respiratory stimulation and a hypotensive effect is produced 
by 20 mg. DAPT. At 4 and 5 following the i.v. injection of 1 and 2 »g histamine 
respectively the hypotensive effect is not associated with respiratory stimula- 
tion. At 6 quite evident respiratory stimulation is shown in response to the in- 
jection of 40 mg. DAPT. At 7 the hypotensive effect of 4 ng histamine is unas- 
sociated with respiratory stimulation. At 8, 0-2 yg acetylcholine produced a 
comparable hypotensive effect and an initial temporary respiratory stimulation 
followed by reduced respiratory excursion probably due to temporary washing 
out of CO. The stimulation to DAPT was more sustained. The area of respi- 
ratory excursion recorded through the tracheal tambour for 1 minute before 
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Fig. 5. Comparative effect of hypotension produced by different agents on respiratory 
stimulation in the decerebrate cat. At 1 and 2, 4 ml. saline; at 3, 20 mg. DAPT.; at 4 and 5, 
1 and 2 ug. histamine respectively; at 6, 40 mg. DAPT; at 7, 4 ug. histamine; at 8, 0-2 yg. 
ACh; at 9, 40 mg. DAPT. a=Blood pressure recording; b = Tracheal air movement; c = 
Abdominal air movement; d= Thoracic air movement. All injections iv. Time in half 
minutes. Further details in text. 


and 1 minute after injection of acetylcholine is unchanged. At 9 is seen the 
effect of 40 mg. DAPT given to the same cat after the prior administration of 
0-2 pg. acetylcholine at 8. Here it was found that there was a more delayed 
recovery of the blood pressure to a slightly lower level after a fall of approxi- 
mately the same magnitude initially. This suggested a possible potentiation 
of the vascular effect of DAPT by acetylcholine, a feature which has not been 
further investigated in the present paper but preliminary investigations indicate 
it also applies to the motor effects of DAPT on the toad rectus abdominis muscle. 

Comparison of DAPT and Nikethamide as respiratory stimulants. It is 
well recognised that nikethamide is a more valuable respiratory stimulant when 
the respiratory centre is failing than when the animal is healthy (Goodman and 
Gilman, 1955). The particular effect of DAPT under these circumstances has 
already been described above. The effects of nikethamide and DAPT as respi- 
ratory stimulants in the decerebrate cat were compared. It was found that 
weight for weight DAPT produced greater respiratory stimulation than niketha- 
mide in such animals. This finding is illustrated in Fig. 3, where at 1 very 
considerable increase in tracheal air movement occurred after the injection of 40 
mg. DAPT and at 2 a less evident but still well marked effect was produced 
by 40 mg. nikethamide injected intravenously. We do not yet know the rela- 
tive therapeutic index of DAPT compared with nikethamide in the decerebrate 
cat. 

It is noted that while there was a marked fall of blood pressure associated 
with the injection of this dose of DAPT, nikethamide produced only a transient 
and slight fall of blood pressure. More commonly nikethamide produced a 
slight, moderately sustained rise of pressure in this dosage. 
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DISCUSSION. 


The effect of DAPT has been investigated on the respiration and blood 
pressure of the decerebrate cat. Results have indicated that DAPT (in a dose 
of 2-15 mg./kg.) stimulates respiration in this preparation. This respiratory 
stimulation appears to be independent of the pH of the solution used and the con- 
comitant hypotensive effect and is often unassociated with an increase in general- 
ized motor activity. This is confirmed by the administration of equivalent doses 
to the intact cat. The effect of DAPT as a respiratory stimulant appears to 
be greater than that of nikethamide in equivalent doses and further appears to 
share with it the property of being beneficial in the presence of a failing respira- 
tion. The relative therapeutic indices of the two drugs have, however, not 
been assessed. 

In very high dosage DAPT appears to have a markedly depressant effect 
on both respiration (after initial stimulation) and blood pressure, often result- 
ing in complete apnoea and an almost imperceptible pulse pressure which, if 
permitted to continue, will result in death. This is usually avoided if artificial 
respiration is commenced early and a slowly progressive recovery of both the 
blood pressure and respiration results. Occasionally, if the dose administered 
is not excessively large, spontaneous recovery of respiration will occur. The 
administration of these large doses of DAPT also produces signs of increased 
motor activity in this preparation as indicated by sporadic and unrelated move- 
ments of the whole body. 

It has further been indicated that a potentiation may exist between the 
action of acetylcholine and DAPT on the vascular response of this preparation— 
an observation which has been found to apply also to the motor effects in the 
toad rectus abdominis muscle. It is also interesting to observe that the adminis- 
tration of DAPT alone in higher doses will cause contracture of this muscle 
(Shulman, 1956b). Likewise preliminary in vitro investigations on the inner- 
vated rat diaphragm muscle preparation indicate that small doses of DAPT 
increase the contractile response of this muscle while this effect is obscured 
with larger doses presumably owing to the progressive shortening produced in 
the muscle. Muscle stimulation was mediated through its nerve. 

Reference has been made in earlier papers to the widespread pharmaco- 
logical and clinical activity of DAPT. These widespread actions of this sub- 
stance have suggested that it may fit into some basic physiological process and 
recent investigations have suggested that, as a thiazole derivative, it may fit 
into biochemical mechanisms incorporating thiamine (Shulman, 1956a). It 
was consequently considered that its action as a respiratory stimulant might 
be related to its entry into the process of pyruvate oxidative decarboxylation 
possibly at the presumed cholinergic respiratory centre (Gesell and Hansen, 
1943), a postulate consistent with the additive effect of acetylcholine and DAPT 
found in the decerebrate cat and toad rectus abdominis muscle and also with 
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the fact that the type of respiratory stimulation produced by DAPT was one 
of depth rather than rate. 

This paper concerns the overall findings in the decerebrate cat. Subsequent 
investigations will concern the mechanisms involved. 

We may conclude from the experiments recorded in this paper that respi- 
ratory stimulation occurs in response to DAPT and this response is not mediated 
primarily through higher cortical activity. In view of the findings concerning 
direct effects on muscle and the observations of Bonnycastle and Costa (1955), 
one cannot rule out the possibility that DAPT may, at least partly, exert its 
respiratory stimulant effect by a peripheral action on the muscles concerned in 
respiration. Bonnycastle and Costa reported that, in the absence of marked 
motor activity, DAPT did not produce an increase in respiratory minute-volume 
in rats. In the decerebrate cat increased respiratory activity could occur in the 
absence of marked motor activity following the administration of small to 
moderate doses of DAPT. However, the injection of very large doses of DAPT 
produced initial respiratory stimulation and increased motor activity followed 
by apnoea, immobility, marked hypotension and prolonged recovery requiring 
the administration of artificial respiration. Large doses of DAPT likewise im- 
paired the response of the rat diaphragm muscle to nerve stimulation. 

An in vitro comparison of the action of DAPT, thiamine and its thiazole 
meiety (4-methyl-5-hydroxyethylthiazole) on the innervated rat diaphragm 
muscle preparation (Shulman, 1956b) indicated that the action of DAPT was 
not identical with that of thiamine, which exhibits a d-tubo-curarine-like activity 
(Gjone, 1955), but did resemble qualitatively the effect of very large doses 
of its thiazole moiety. 

The hypotensicn which usually accompanies the respiratory stimulant action 
of DAPT does not account for its respiratory effect. 


SUMMARY. 


Respiration in the decerebrate cat is increased following the intravenous 
injection of DAPT. The associated hypotensive effect does not account for the 
respiratory increase. 

As with nikethamide, stimulation also occurs in the presence of a failing 
respiration. 

A generalized increase of muscular activity is asscciated with the injection 
of larger doses of DAPT but increase in respiratory activity may occur in the 
absence of such an effect. 

A possible mechanism of action of DAPT as a respiratory stimulant is 
discussed. 
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EXPERIMENTAL NEPHRITIS IN DOGS: 
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Following a previously reported finding that it was possible to correlate 
changes in the serum protein fractions with the clinical course of acute glomeru- 
lonephritis in children ( Reich, Coats and McDonald, 1955), and that these several 
fraction changes were characteristically different in Ellis Types I and II nephritis, 
it seemed desirable to investigate further the protein alterations in an experi- 
mentally induced nephritis. For this purpose the Masugi technique of pro- 
ducing glomerular lesions was chosen. Because dogs are subject to a naturally 
occurring glomerulonephritis (Krecke, 1955) and were easily available as ex- 
perimental animals, they were used throughout this investigation. Rabbits were 
used as the source of the nephrotoxic serum subsequently to be injected. 


The progression of the glomerular damage was followed for periods of up 
to 2% years by histological examination of serial renal biopsy specimens. 


METHOops. 


Female mongrel dogs, aged 12-24 months at the beginning of each experiment, were 
used throughout. The animals were fed a standard kennel ration before and during all 
experimental procedures. For the purposes of the investigation they were divided into 
three groups: 

(i) Normal (12 dogs). Each of the animals subsequently used in either the control 
or experimental groups was first used to establish normal values for urinary analysis, haema- 
tocrit, erythrocyte sedimentation rate and serum electrophoresis. This involved evaluations 
on three or more occasions on each animal, and in addition three other dogs, not subse- 
quently used, were similarly evaluated. 


(ii) Control (3 dogs). The control animals were injected intravenously with normal 
rabbit serum which had been heated at 56° C. for 30 minutes to destroy complement. The 
dose of rabbit serum used for each control dog was the same as the dose used in the majority 
of the animals injected with nephrotoxic rabbit serum (2 ml./kg.). 

(iii) Experimental (6 dogs). The dogs in the experimental group were injected intra- 
venously with nephrotoxic rabbit serum which had been heated at 56° C. for 30 minutes 
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to destroy complement. The dose of rabbit serum used was either 0-2 ml./kg. (Dog 6), 
0-2 ml./kg. on two separate occasions fifteen days apart (dog 2), or 2 ml./kg. (dogs 
1, 3, 4 and 5). The smaller injections were each given in a single dose but, of the animals 
receiving 2 ml./kg., dog 1 was given the total volume in a single injection and dogs 3, 4 
and 5 were each given their serum in divided doses at 20 minute intervals, starting with 0-5 
ml. and doubling the volume of the preceding injection for each subsequent one until the 
required total had been reached. 


Preparation of Dogs. 


All operations were performed aseptically under ether-chloroform anaesthesia, the 
animals having received an intramuscular injection of 15 mg. of morphia/kg. body weight 
one hour pre-operatively. Episiotomy was performed to facilitate subsequent catheterisa- 
tion, left nephrectomy to provide renal tissue for the preparation of a nephrotoxic serum 
specific for each experimental animal, and right renal biopsies to provide material for serial 
histological evaluation of the renal damage following the injection of nephrotoxic serum. 
Each biopsy specimen consisted of a wedge of cortex and medulla about 3 mm. thick, 5 mm. 
wide and 15 mm. deep. The specimen was fixed in 10 p.c. formol saline, sectioned at 7 p 
and stained with haematoxylin and eosin for histological examination. 


After each operation the dogs were injected with G 0-5 streptomycin daily for four 
or five days. 


Preparation of Nephrotoxic Serum. 


Each experimental dog was injected with nephrotoxic rabbit serum prepared individually 
from its own left kidney. The kidney was removed, perfused with 0-85 p.c. saline until 
bleached, and refrigerated aseptically at — 15° C. for several days. 


The nephrotoxic serum was prepared after the method of Krakower and Greenspon 
(1951). The wet glomeruli were weighed and made into a 20 p.c. suspension by weight 
in isotonic saline. A separate rabbit was injected intramuscularly with the whole glomerular 
suspension from each dog. The injection of each rabbit extended over a period of 24 days, 
and during that time four injections of 10 ml., 10 ml., 15 ml. and 17-20 ml. respectively were 
given at intervals of 10, 7 and 7 days. Six to eight days after the last injection each rabbit was 
exsanguinated by cardiac puncture and its serum was stored aseptically at — 15° C. 

Each rabbit’s serum was examined electrophoretically before and during the injections 
of glomerular suspension. The y globulin concentration increased progressively, and this was 
accepted as evidence of an active immunological response on the part of the rabbit. 


Injection of Nephrotoxic Serum into Dogs. 


After heating at 56° C. for 30 minutes to destroy complement, serum from each 
immunised rabbit was injected intravenously into the dog from whose glomeruli it was 
originally prepared. The dose of nephrotoxic serum, and the details of its administration 
for each experimental dog have been indicated above. 


Blood Samples. 
All blood samples were obtained from the jugular vein. 


The control animals were bled five times in the two-week period following injection. 
Animals injected with nephrotoxic serum were bled at least three times a week for the first 
month, once a week for the next six months, and once every two weeks thereafter. Each 
time an animal was bled about 4 ml. of blood was removed for serum and about 3 ml. of 
heparinised blood for determination of the erythrocyte sedimentation rate and the haematocrit. 
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The erythrocyte sedimentation rate was determined in a standard haematocrit tube in 
which the blood was allowed to stand at room temperature for 30 minutes. The haematocrit 
was read after centrifugation at 2500 revs./minute for 30 minutes. 


The technique for paper serum electrophoresis has been previously described (Reich 
et al., 1955). Total serum protein was determined by the method of Phillips, van Slyke, 
Hamilton, Dole, Emerson and Archibald (1950). 


Urine Samples. 


All urine samples were obtained by sterile catheterisation of the dogs while in a Pavlov 
stand. 


The urine of each control dog was examined on three or four occasions in the two weeks 
following injection. The urine of the dogs injected with nephrotoxic serum was examined 
daily for the first 6-8 days, and subsequently on the days the blood samples were taken. 


The urines were examined macroscopically and microscopically, the microscopic elements 
being recorded as the average number observed per high power field. Following centrifu- 
gation of the urine, protein was determined by acidifying with acetic acid and boiling. The 
precipitated protein was then allowed to sediment overnight at 5° C., and the result was 
recorded as the fraction of the urine volume then occupied by precipitated protein. 


Urinary specimens from all dogs were examined electrophoretically. 


CiinicaL Courses. 
Control Dogs. 


The three control dogs were each injected with normal rabbit serum (2 ml./kg. body 
weight). They were observed for periods of 10-21 days following the injection. The dogs 
remained clinically well and their urines were consistently free of protein and erythrocytes. 
There was no change in the concentration of any of the serum protein fractions, and no 
histological evidence of renal damage. 


Dogs Injected with Nephrotoxic Serum. 
Dog. 1. Weight 5-4 kg., age approx. 18 months. 


Nephrotoxic serum was given in a single intravenous injection of 10 ml. There was 
an almost immediate severe serum reaction, but 12 hours later the animal was well, and 
remained so for three days. From the fourth to the seventh days the animal stopped eating 
and vomited on frequent occasions. During this period it was fed milk with glucose. From 
the eighth to the tenth days the animal was well, but had lost one kilogram in weight. On 
the eleventh day it started vomiting again and had diarrhoea, and its condition gradually 
deteriorated until it was bled to death under anaesthesia on the fifteenth day. 


Post mortem the only significant findings were a swollen pale kidney with its capsule 
firmly adherent in many parts, and areas of organised haemorrhage present throughout 
both lungs. 


Within four hours of the injection of nephrotoxic serum this animal showed solid urinary 
protein and numerous erythrocytes and granular casts in the urine. Hyaline casts appeared 
6 days after injection of nephrotoxic serum. Urinary protein thereafter varied from % to % 
and erythrocytes and granular and hyaline casts were consistently present. The serum 
electrophoretic findings are presented in Fig. 4 and the urinary electrophoretic findings in 
Table 1. 
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_Fig. la (Dog 2). Large vacuolated cells within a glomerular tuft and evidence 
of capsular adhesions 12 months after the injection of nephrotoxic serum. (Magni- 
fication < 320.) 








Fig. lb (Dog 2). A lesser degree of vacuolation of the cells of the glomerular 
tuft and evidence of glomeruiar regeneration 17 months after the injection of 


nephrotoxic serum. (Magnification < 320.) 
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Fig. 2 (Dog 4). Capsular adhesions and beginning glomerular fibrosis 10 months 


after the injection of nephrotoxic serum. (Magnification x 320.) 


Fig. 3 (Dog 5). Accumulation of eosinophilic material within the capsular space 
and tubules 24 hours after the injection of nephrotoxic serum. (Magnification 
X 320. ) 
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DOG N°1. 
DOG N°2. 


Womel 3 5 3 3 2 2 
Period of days. 
Fig. 4. 
Mean serum protein changes for varying Mean serum protein changes for varying succes- 
successive periods (indicated on the abscis- sive periods (indicated on the pete follow- 


sae) following the injection of nephrotoxic ing the injection of nephrotoxic serum. 
serum. 


Dog 2. Weight 10 kg., age approx. 12 months. 


Nephrotoxic serum was given in a single intravenous injection of 2 ml. The animal 
immediately became weak and listless, for one hour, after which it gradually improved and 
it was well next day. The day following injection urinary protein was $, and the urine con- 
tained 45-50 erythrocytes and many epithelial and granular casts per high power field. The 
animal remained clinically well, and fifteen days after injection there was only a trace of 
urinary protein, and an occasional erythrocyte and hyaline cast per high power field. 


On the fifteenth day a second intravenous 2 ml. injection of nephrotoxic serum was 
given. There was no serum reaction and the animal remained well. Two hours after the 
second injection urinary protein was 4 and there were 10-15 erythrocytes and a few hyaline 
and granular casts per high power field. Four days after the second injection urinary protein 
fell to a trace, and it could not be detected a week later. The dog did not lose any weight 
during this time. 

The animal remained clinically well, and proteinuria was absent for 11 months, after 
which it reappeared fairly heavily and has remained % to 4 for a further 13 months of 
observation. The weight of the dog at this stage was 12-5 kg. Despite its heavy proteinuria, 
and an occasional erythrocyte and hyaline and granular cast per high power field, the animal 
has remained clinically well and is still under observation. 


Renal biopsies were taken one, eleven and sixteen months after the initial injection of 
nephrotoxic serum. The first showed early glomerular damage, the most marked features 
of which were numerous pericapsular cellular aggregations and some intracapsular debris. 
Some glomeruli were less cellular than normal. The second biopsy (Fig. la) showed many 
glomeruli containing large and apparently vacuolated cells and prominent capillaries. Some 
glomeruli were less cellular than normal, and there were occasional capsular adhesions. The 
third biopsy (Fig. 1b) showed lesser degrees of glomerular vacuolation and capsular adhesion, 
and indicated a partial resolution of the glomerular damage. 
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The serum electrophoretic findings are presented in Fig. 5, and urinary electrophoretic 
findings in Table 1. 


Dog 3. Weight 7-5 kg., age approx. 2 years. 


Nephrotoxic serum was given in divided intravenous injections to a total dose of 15 
ml. The animal was weak for one hour following the first injection, but then recovered and 
has been consistently well for the whole 13-month observation period. 


The day following injection, urinary protein was § and there were 15-20 erythrocytes 
and a few granular casts per high power field of urine. By the fifth day urinary protein 
was only a trace, and by the fourteenth day it was absent, and only a few granular casts 
were present in the urine. These have persisted throughout the whole period of observaticn. 


A renal biopsy was taken 10 months after the injection of nephrotoxic serum. The 
glomerular capillaries were unusually prominent and some endothelial cells were rather pro- 
minent, but otherwise no abnormality was noted. The section indicated complete resolution 
of minimal glomerular damage. 


Serum a, globulin, which was initially 7 p.c. total serum protein, rose to 12 p.c. on the 
day following the injection of the nephrotoxic serum and was 10 p.c. after nine days, but 
had returned to normal in thirteen days. Apart from this one fraction, there was no signifi- 
cant alteration in the serial serum electrophoretic patterns. 


The nephrotoxic serum injected into this animal was almost certainly of lower potency 
than the other sera used, as the rabbit in which it was prepared was accidentally injured and 
had to be bled to death immediately after its second injection of glomerular suspension. 


DOG N°4. 
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injection of nephrotoxic serum. 


Dog 4. Weight 10-5 kg., age approx. 12 months. 

Nephrotoxic serum was given in divided intravenous injections to a total dose of 21 
ml. The animal showed some weakness for 1% hours after the first injection, but was well 
by the end of the series and remained well for the next two days. On the third day after 
the injection the animal stopped eating and vomited, and the following day it developed 
diarrhoea, which lasted until the seventh day, After two days’ clinical improvement, a 
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second attack of vomiting occurred and lasted a further three days, by which time the 
animal’s weight had fallen to 8-8 kg. Thereafter there was a general improvement, and by 
the fourteenth day the dog was eating normally. Its initial weight was regained in two 
months. The animal remained in good condition for a total observation period of fifteen 
months following injection, when it was bled to death under anaesthesia to examine the 
nephrotoxic activity of its serum. 


Post mortem the kidney was pale and scarred, and its capsule was adherent. This macro- 
scopic appearance was difficult to assess, however, because of serial biopsy scars. There 
were no other significant findings. 


Urinary protein was § on the day after injection, and gradually decreased to a trace at 
eight days. The proteinuria then increased again to % at one month and fluctuated between 
4 and 4 for the rest of the observation period. Haematuria was gross for the first ten days, 
and for the whole period occasional erythrocytes were present per high power field. A few 
granular casts per high power field were present for the first seven days, and thereafter 
granular and hyaline casts were consistently present. 

Renal biopsies were examined one, four, ten and fifteen months after the injection of 
nephrotoxic serum. The first and second sections showed many hyalinised glomeruli, and 
capsular adhesions were present on each occasion, being rather more numerous in the 
second biopsy specimen. The renal biopsy specimen taken at ten months showed capsular 
adhesions present in nearly all glomeruli (Fig. 2), some of which were either degenerating 
or hyalinised. The fifteen-month specimen showed glomerular capsular adhesions and 
swelling of the basement membranes. All the biopsy specimens considered together indi- 
cated a progressive degenerative process involving nearly all the glomeruli, with little evi- 
dence of tubular affection. 


The serum electrophoretic findings are presented in Figs. 6 and 7, and urinary electro- 
phoretic findings in Table 1. 


Dog 5. Weight 6-8 kg. Age approx. 2 years. 

Nephrotoxic serum was given in divided intravenous injections to a total dose of 15 ml. 
The animal was well during the first three injections but became weak and vomited before 
the series was concluded. The animal was catheterised before the last injection was given, 
and 4 protein was already present in the urine, together with 10-15 erythrocytes per high 
power field and occasional granular casts. After the last injection the dog was vomiting 
and very listless, and it convulsed and died a few hours later. 


Post mortem examination revealed a macroscopically normal kidney and no significant 
abnormality in any other organ. The urine contained 3 protein, 10-15 erythrocytes and occa- 
sional granular casts per high power field. Microscopically many glomerular capsular spaces 
were filled with homogeneous pale staining eosinophilic material (Fig. 3) with the same 
material present in the tubules. The glomerular tufts and the tubular cells showed no 
significantly abnormal features. 


Dog 6. Weight 9-0 kg. Age approx. 18 months. 


Nephrotoxic serum was given in a single intravenous injection of 2 ml. The 
animal immediately became weak and lethargic, and vomited. Half an hour later, 
however, the animal’s general condition began to improve, and it was perfectly well next 
day and has remained well for the whole of the seven months’ period of observation. 
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DOG N°6. The day following injection the animal’s 
urine contained % protein and 15-20 erythro- 
cytes per high power field. By the ninth 
day urinary protein had fallen to a trace and 
there was still an occasional erythrocyte 
present but no casts. For the rest of the 
period of observation the urine was con- 
sistently free of protein, erythrocytes and 
casts. 

One renal biopsy was taken nine days after 
the injection of nephrotoxic serum, and the 
section was microscopically normal. The 
serum electrophoretic findings are pre- 
sented in Fig. 8. 


Mean Percentage of Total Protein. 


Dog Injected with Serum from a Nephritic 
Dog. Weight 6-3 kg. Age approx. 12 
months. 


Fig. 8. Serum from dog 4, which had a histologic- 

Mean serum protein changes for varying successive ally proven progressive Masugi nephritis, 

periods (indicated on the abscissae) following the was given in divided intravenous injections 

injection of nephrotoxic serum. to a total dose of 48 ml. The serum had 

been heated at 56° C. for 30 minutes be- 

fore injection to destroy complement. There was no serum reaction, and the injected dog 

remained clinically well for an observation period of sixteen days. At no stage did the 

urine contain protein, erythrocytes or casts. There was no change in the various serum 
protein fractions. Histologically the kidney was normal. 





RESULTS. 
BLoop. 
Haematocrit. 


Normal haematocrits were found to vary from 39-53 p.c. from dog to dog, 
but in any one animal the figure remained constant to within 1-2 p.c. This 
constancy was maintained throughout the control series, but injection of nephro- 
toxic serum resulted first in a rise of 3-4 p.c. for 9-12 days, followed by a fall 
to about 5 p.c. below normal which was maintained for about six months. In 
the two animals followed for a longer period there occurred a second rise after 
six months of 3-5 p.c. above normal in dog 4 and 10 p.c. above normal in dog 2. 


Erythrocyte Sedimentation Rate. 


The normal erythrocyte sedimentation rate was found to be within the range 
0-5-4 mm. per 30 minutes, and to be constant for any one animal. The control 
dogs also showed constant erythrocyte sedimentation rates within the normal 
range, but the animals injected with nephrotoxic serum showed an early slight 
rise to 2-9 mm. per 30 minutes for the first seven to fourteen days, after which 
they returned to normal. 
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Serum Electrophoresis. 


(i) Normal dogs. A variation was found in the A/G ratio of different 
mongrel dogs, possibly depending on the breeding. Dogs 4 and 2 looked similar 
and had similar A/G ratios of 0-6 and 0-7 respectively. Dog 1 and one of the 
control dogs were also similar in appearance with A/G ratios of 1-8 and 1-5 
respectively. All the other dogs had A/G ratios between these two extremes, 
but in any one animal the normal figure remained fairly constant. The total 
protein figures varied in different dogs from 5-5-7-0 gm./100 ml. serum, but 
again the figure for any one normal animal was fairly constant. Seven electro- 
phoretically separable protein fractions were present in normal sera. These were 
albumin, three a globulins, two 8 globulins and y globulin. The separation of 
the a globulins was quite distinct, the a2 fraction being quantitatively the most 
important. The 8 globulins divided into two fractions but these were never 
completely separated as their mobilities were close. The y globulin did not 
separate distinctly from the 8 fraction but could be easily identified due to its 
endo-osmotic movement. To simplify interpretation, the values of the three a 
globulins have been added, as have those of the two @ fractions. A typical 
normal range is:—Total protein 5-5-5-8 gm./100 ml. serum; albumin 2-7-3-0; 
a globulin 0-8-1-0; 8 globulin 1-2-1-4; y globulin 0-4-0-5 and total globulin 
2-4-2-8 gm./100 ml. serum. A/G ratio 1-0-1-2. 

(ii) Control Dogs. The three control dogs all had fairly constant serum 
electrophoretic patterns within the normal range. One of them, subsequently 
given three intravenous injections of 1-7, 2-5 and 3-3 ml. of normal rabbit 
serum/kg. body weight at intervals of 10 and 7 days, did show relatively small 
variations of the protein fractions outside the normal range. The total protein 
remained constant (5-1 gm./100 ml. serum) but there was a decrease in albumin 
from 3-3-2-7 and an increase in a globulin (mainly in the az component) from 
0-9 to 1-2 and in y globulin from 0-3 to 0-6 gm./100 ml. serum. The A/G ratio 
fell in consequence from 1-55 to 0-97. In none of the control animals was there 
any evidence of renal damage on histological examination. 


(iii) Dogs Injected with Nephrotoxic Serum. 


Dog 4. Total Protein. Total protein rose from 7-0 to 8-6 gm./100 ml. serum 
during the first 8 days following injection, and then fell gradually to 6-1 gm./100 
ml. serum three months after injection. A second rise then occurred to 8-2 
gm./100 ml. serum during the next two months and this was followed by a 
gradual decline to 6-2 gm./100 ml. serum 9 months after injection. This slightly 
lower than normal value was maintained for the ensuing 6 months of the obser- 
vation period. 

Albumin. During the first three days following injection, the serum albumin 
remained fairly constant, but it then rose gradually for the next 18 days from 
2-3 to 3-3 gm./100 ml. serum. This rise was followed by a fall to the normal 
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range which was reached 28 days after injection and maintained for four months. 
A second rise then occurred to 4-0 gm./100 ml. serum 10 months after injection 
followed by a fluctuating fall to 3-0 gm./100 ml. serum 15 months after injection. 

a Globulin. a globulin was unchanged for the first three days but then 
rose from 1-2 to 1-7 gm./100 ml. serum in the next six days and maintained 
this figure until twenty-five days after injection. There then occurred a fall to 
approximately normal two months after injection and a further rise to 2-2 
gm./100 ml. serum occurred four months after injection. Thereafter there was a 
gradual decline to normal values which were reached seven months after the 
injection of nephrotoxic serum and maintained for the next eight months. 

8 Globulin. There was no significant change in the serum globulin level 
until three months after the injection of nephrotoxic serum, when it rose from 
1-8-3-0 gm./100 ml. serum during the following two months. This rise was 
followed by a gradual fall to about 1-5 gm./100 ml. serum seven months after 
injection and this low figure was maintained for the next eight months. 

y Globulin. There was a rise in the serum y globulin from 1-1 to 1-5 
gm./100 ml. over the first week following the injection of nephrotoxic serum. 
The fraction had returned to within the normal range one week later and re- 
mained normal for the next seven months after which it gradually fell through- 
out the rest of the observation period to a level of 0-4 gm./100 ml. serum 15 
months after injection. 

Total Globulin. There was a rise in the total serum globulin concentration 
from 4-4 to 5-6 gm./100 ml. serum in the first week following the injection of 
nephrotoxic serum, followed by a fall to the normal range which was reached 
two weeks later and maintained for the next three months. Over the ensuing 
month there occurred a further rise to 5-0 gm./100 ml. serum and this level 
was maintained until six months after injection. During the next month the 
concentration fell again to 3-2 gm./100 ml. serum and it fluctuated around this 
level for the rest of the observation period (to 15 months). 

A/G Ratio. The A/G ratio remained within the normal range (despite a 
rise on both components) for the first six months following the injection of 
nephrotoxic serum, after which it rose from 0-65 to 1-3 over a period of a 
month and it then maintained this level for the remainder of the observation 
period. 


Dog 6. 


This animal was injected with a very much smaller dose of nephrotoxic 
serum (0-2 ml./kg. body weight) and histologically showed no significant evi- 
dence of glomerular damage. 

None of its serum protein components on electrophoretic examination 
showed any significant deviation from the normal range during the three weeks 
that the animal was studied. 
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Dogs 1, 2, 3 and 4—Relative Alterations in Protein Fractions. 


Serum electrophoresis was performed on these animals following the injec- 
tion of nephrotoxic serum, but no total serum protein estimations were done 
except in the case of dog 4 and dog 2 from eleven months after injection. In 
dogs 1 and 2, however, the alterations in the relative proportions of the various 
protein fractions were in the same order as in the case of dog 4. There was an 
increase of 15-40 p.c. in the a globulin from 5-12 days following injection in 
dogs 1, 2 and 4, with a gradual return to normal one month later in dogs 2 and 
4 and thereafter a further fall to about 15 p.c. below normal. £ globulin rose 
the day following injection and reached its peak values of 20-50 p.c. above 
normal in ten days. In dogs 2 and 4 the @ globulins remained high for one 
month and then fell to slightly below the original percentages. In all these 
dogs the y globulin rose sharply during the first three days following injection 
to 25-60 p.c. above normal, remained high for a further three days and there- 
after gradually declined to reach normal levels 10-15 days after injection. In 
dogs 2 and 4 it fell further and stabilised for many months at 40-50 p.c. below the 
initial value. During the first months the A/G ratio showed no significant 
change in dogs 2 and 4, but fell in dog 1 to 60 p.c. below the initial figure. In 
dogs 2 and 4 there was a rise in the A/G ratio of 60 p.c. and 100 p.c. respec- 
tively in the later months of observation following injection. 

Dog 3, which was injected with a less potent nephrotoxic serum, showed no 
significant alterations in the relative magnitude of its serum protein fractions, 
and may be compared with dog 6 which was injected with a much smaller dose 
of the more potent serum. 

The absolute protein fraction concentrations in the case of dog 2 from 11 
months after the injection of nephrotoxic serum were essentially similar to those 
described previously for dog 4. 


Dog Injected with Serum from a Nephritic Dog. 

The animal was observed for 16 days following the injection and during 
this period eight blood samples were examined. There was no significant varia- 
tion in the haematocrit or the erythrocyte sedimentation rate, and total serum 
protein and its various fractions all remained within the normal range. 


Urinary Finpincs Fottowinc NepHrotroxic SERUM INJECTION. 

These can be divided into three stages: 

(1) The First 10 Days. The total urinary protein was high (4-%) with a 
relatively high total urinary globulin, particularly the a and y fractions. Haema- 
turia was marked, especially during the first 2 or 3 days, other cellular elements 
being few. Hyaline casts began to appear about 7 days after injection. 

(2) The Next 3 Weeks. The total urinary protein remained high with some 
fluctuations. There was a decrease in total urinary globulin particularly in the 
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y globulin component. Only a few red blood cells were present during this 
phase. Hyaline casts and cellular elements were more evident. 

(3) From 2 Months Onwards (dogs 2 and 4). There was a constantly 
high total urinary protein due to a high albumin level. Despite the low globulin 
level (10-15 p.c. of the total) all globulin fractions were present, 8 globulin 
being the predominant component. Hyaline casts were present in variable num- 
bers, but few erythrocytes or other cells were noted. 


DISCUSSION. 


It has been known for many years that it is possible to produce experi- 
mental nephritis in animals, clinically similar to human glomerulonephritis, by 
injecting an anti-kidney serum. This technique has been used on many animal 
species. 

The injection of nephrotoxic serum may result either in an immediate 
clinical manifestation of the disease in the recipient animal or in one delayed 
in onset for 5-7 days. This seems to depend on whether the nephrotoxic serum 
is prepared by the immunisation of rabbits or birds and is independent of the 
recipient animal species. Kay (1942), Rother (1953) and Moench, Rother, Sar- 
torius and Kroneberg (1955) all injected rabbits with nephrotoxic serum pro- 
duced in ducks—there was a latent period of 5-7 days before the onset of 
clinical signs in every case. Fouts, Corcoran and Page (1941) injected dogs 
with nephrotoxic serum produced in ducks. In these animals, too, there was a 
latent period of 6-10 days. Pfeiffer, Schoffling, Bruch and Spielmann (1954) 
and Weinreb, Soules and Wissler (1954) produced nephritis in rats and Seegal, 
Hasson, Gaynor and Rothenberg (1955) in dogs, with a nephrotoxic serum 
prepared in rabbits. In each case there was no delay before the onset of 
clinical signs of disease. This is confirmed in the present series. Kay (1942) 
and Rother (1953) are of the opinion that the latent period is due to the time 
required for the development of antibodies to duck serum. Moench et al. 
(1955) consider that the latent period is due to the lack of complement in the 
duck serum necessary for the immediate fixation of antibodies (N.T.S.) on the 
glomeruli. 

It is generally agreed that Masugi nephritis is the result of an antigen anti- 
body reaction. Hill and Cruickshank (1953) demonstrated by fluorescence 
microscopy in vitro that globulin from anti-rat whole kidney serum prepared 
in rabbits reacted with the basement membrane in the glomeruli and the cyto- 
plasm of convoluted tubules. Antibody globulin prepared from glomeruli only 
reacted with the glomerular basement membrane but not with the tubules. 
Krakower and Greenspon (1954) suggested from similar experiments that the 
reaction is confined to the antigens of the glomerular basement membrane. 
Mellors, Siegal and Pressman (1955) and Eisen and Pressman (1950) have shown 
in vivo that the localization of antibodies to whole kidney occurs in the glomeruli, 
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particularly in the basement membrane and does not occur in the membranes of 
convoluted tubules. 

There is an almost immediate binding of antibodies on the kidney after 
injection of nephrotoxic serum and only a small part remains in the circulation 
about 4 minutes after injection (Sarre and Rother, 1954). According to Rother 
(1953) the circulating nephrotoxic serum acts as an antigen and only after the 
production of an antibody to this antigen does nephritis occur. This hypothesis 
would not explain the onset of nephritis without a latent period. In human 
glomerulonephritis an antibody to human kidney has been found (Bialestock, 
1951 and 1953; Vorlaender, 1952; Pfeiffer, Schoffling and Bruch, 1953). Sarre 
et al. (1954) found no such antibody in the serum of rabbits with Masugi 
nephritis. 

Ehrich, Forman and Seifer (1952) and Weinreb et al. (1954) state that 
the damage due to nephrotoxic serum depends upon its dose and toxicity. They 
are of the opinion that a highly toxic, or larger, dose of nephrotoxic serum will 
produce a nephrotic syndrome in the experimental animal, while a smaller or 
less toxic dose of nephrotoxic serum will produce diffuse glomerulonephritis. 
With a dose of nephrotoxic serum compatible with life Weinreb et al. (1954) 
produced changes in the rat’s kidney which are comparable with the ones we 
have observed in dogs. They describe the histological changes as “an increase 
in both periodic acid-Schiff’s positive endothelial basement membrane and acid 
mucopolysaccharide associated with glomerular epithelium. The thickening of 
the former was accompanied by fragmentation and in the more severe instances 
by separation of the material into droplets or clumps. Proliferation was not 
seen.” Similar observations were made by Piel, Dong, Modern, Goodman and 
Moore (1955) on rats and by Moench et al. (1955) on rabbits, and micro- 
photographs published by Hackel (1953) of renal biopsies in puppies bear a 
striking resemblance to our own sections. Krecke (1955) points out the im- 
portance of the experimental animal used from its pathogenetic point of view. 
The dog seems to be the only experimental animal in which glomerulonephritis 
may be a naturally occurring disease. 

Fouts et al. (1941) and Seegal et al. (1955) produced nephritis in dogs 
by the injection of nephrotoxic serum. The clinical picture and urinary findings 
at the onset of the disease compared well with our observations, except that 
we did not observe any signs of oedema during the experiments. These workers 
performed no electrophoretic analyses on the sera or urines. Seegal et al. 
observed the histological changes in the kidneys 30 days after injection or at 
autopsy. The lesions were predominantly exudative in character and almost 
every glomerulus was affected, the damage varying from oedema of the base- 
ment membranes to complete necrosis. 

The present series differs from previous published work in that only young 
dogs (2 years or less) were used and the nephrotoxic serum used for each 
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animal was prepared individually from its own blood-free renal cortex. This 
ensured a more specific antiglomerular serum for each experimental animal. 
This specificity of renal protein is discussed by Simonsen, Beumann, Gammel- 
toft, Jensen and Jorgensen (1953) and Simonsen (1953) in considering the 
differing fates of homotransplanted and autotransplanted kidneys, and com- 
paring the mechanisms of glomerular damage with those occurring in Masugi 
nephritis. By using the specific serum it was possible to produce nephritis with 
a dose of nephrotoxic serum as low as 0-2 ml./kg., and one animal died 24 
hours after the injection of 2-2 ml. nephrotoxic serum/kg. The injection of 
the nephrotoxic serum resulted in glomerular damage in all the animals (Figs. 
1, 2, 3). The clinical severity of the condition up to 15 days could be cor- 
related in each animal with the urinary and serum electrophoretic findings. The 
urinary index of severity was the presence and magnitude of haematuria and 
proteinuria with a relatively high total urinary globulin. Serum analysis showed 
a rise in total protein in dog 4, and in all animals the globulin rise was mainly 
in the a and y fractions. The changes described were most severe in dogs 1, 
4 and 5; less severe in dogs 2 and 6 and only slight in dog 3. 

Later in the observation period the animals were clinically well with 
normal growth and development. Two dogs were observed for periods up to 
2% years. 

The experiments done with nephrotoxic serum confirm the fact that the 
severity of nephritis in the experimental animal depends on the dose and potency 
of the nephrotoxic serum. Serum of the same potency was injected into dogs 
1, 4 and 5 in a dose of approximately 2 ml./kg. The same volume of a less 
potent serum was injected into dog 3, and a smaller volume of nephrotoxic 
serum of the same potency as for dogs 1, 4 and 5 was injected into dogs 2 and 6. 

Biopsies from dog 4 showed evidence of a progressive renal lesion involving 
chiefly the glomeruli which underwent a peculiar type of degenerative process 
so that ultimately there was practically no histologically normal glomerular 
tissue in evidence. Dog 2 showed evidence of acute damage a month after 
the injection of nephrotoxic serum with gradual repair of the damaged tissue. 
A latent period, with no visible clinical or laboratory signs, was present in this 
animal for a period of 10 months. No definite abnormality was seen in the renal 
biopsy specimens of dogs 3 and 6. Clinical recovery had occurred in these 
animals 3 weeks after nephrotoxic serum injection. The histological features of 
the kidney of dog 5 demonstrate the nature of the renal lesion 24 hours after 
the injection of nephrotoxic serum. There was an accumulation of eosinophilic 
material in the capsular spaces and within the lumens of the tubules, and the 
whole architecture appeared swollen. Renal biopsies from the control animals 
were normal. 

The dog injected with serum from a nephritic dog was not affected in any 
way. This result should be compared with the finding of Gentili, Tangheroni 
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and Gelli (1954) who transfused plasma from nephrotic children into healthy 
ones and were able to produce proteinuria in the healthy children lasting 2-4 
days. Diaz, Mendoza, Plegnezuelo and De Rabago (1953) by injecting sera 
from nephritic patients into rats could not demonstrate any nephrotoxic activity 
of these sera. 


In human glomerulonephritis there has been observed (Reich et al., 1955) 
a correlation between the serum electrophoretic changes and the clinical severity 
of the disease. The serum protein fraction changes in the dog have been found 
to differ quantitatively from those found in human glomerulonephritis, but there 
was still a correlation between the magnitude of the changes and the clinical 
severity of the dog’s condition. In both species there was a globulin rise, pre- 
dominantly in the az and y fractions. The A/G ratio fell in the human disease 
but did not alter significantly in the dogs. The urinary changes at the onset 
were similar to those in human acute glomerulonephritis. There was a great 
urinary loss of total globulin in the dogs immediately following the injection of 
nephrotoxic serum, the y globulin percentage exceeding that in the serum 
in the more severe cases. In the human (McCrory, 1953) no close 
relationship has been found between the levels of serum and urinary y globulin. 
With improvement of clinical signs in the human, the serum protein changes 
differed from those in the dog. No comparison was possible between the electro- 
phoretic findings of human and dog sera in the chronic stages. In dogs the 
serum total protein was normal late in the disease, with an increase in the A/G 
ratio and a low y globulin. In the urine at that stage protein was predominantly 
albumin. It was interesting that in the dog while large amounts of albumin 
were excreted in the urine the albumin level of the serum rose. Coye, Maude, 
Dibble and Yuile (1955) produced experimental proteinuria in dogs by multiple 
plasma transfusion, HgCl, poisoning and intravenous renin injection. Each 
of these methods produced proteinuria with a different A/G ratio. These 
workers suggest that reabsorption of globulin is not as efficient as reabsorption 
of albumin. Albuminuria occurs when the tubular reabsorptive mechanism is 
saturated with albumin. 


Beyond indicating that the injection of nephrotoxic serum resulted in 
glomerular damage and that the damage was graded so as to lead either to 
resolution and healing (when less toxic nephrotoxic serum was given) or to 
progressively increasing destruction (with a dose of higher toxicity), considera- 
tion of the histological picture throws no light on the essential nature of the 
disease process. The serial serum electrophoretic patterns would indicate that 
although their clinical courses and urinary findings may be identical, Masugi 
nephritis in dogs differs somewhat from naturally occurring human glomerulo- 
nephritis. The differences in the various protein component changes in the two 
conditions, however, are quantitative rather than qualitative, and the Masugi 
technique remains a very useful one for studying the essential nature of nephritis. 
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SUMMARY. 


Experimental nephritis has been produced in six dogs by the injection of 
nephrotoxic rabbit serum, prepared individually for each animal from its own 
renal cortex. 

The clinical course and severity of the experimental disease have been 
correlated with the serum electrophoretic and urinary findings. There was a 
rise in total globulin, particularly in the a, and y fractions following the injec- 
tion of nephrotoxic serum with a fairly constant A/G ratio. Some months later 
total serum globulin was low and the A/G ratio was high. It was possible to 
divide the urinary abnormalities into three stages. 

Serial histological examination of renal biopsy specimens showed the pro- 
duction of glomerular damage, the essential features of which are described. 
The glomerular damage was graded so that it was either progressive or under- 
went gradual resolution and repair. 

Control animals injected with normal rabbit serum remained clinically well 
and their renal histology was unaltered. 

One dog injected with the serum of an animal with progressive renal damage 
remained well. 

Features of human glomerulonephritis and the accompanying serum electro- 
phoretic changes have been compared with the changes described in the ex- 
perimental animals. 
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THE ELECTROPHORETIC MOBILITY OF HAEMOGLOBIN 
AND ITS DERIVATIVES AND THE EFFECT OF THEIR 
ADDITION TO THE SERUM IN VARIOUS ANIMAL SPECIES 


by MAGDA REICH! 
(From the Department of Physiology, University of Melbourne). 


(Accepted for publication 8th June, 1956. ) 


In the course of an investigation of the electrophoretic behaviour of haemo- 
globin of the human and the dog, it was observed in both species that the 
haemoglobin migrated as a single band. Comparison with the corresponding 
sera indicated that the migration of the haemoglobin was the same as that of 
the 8 globulin. It was observed also that when haemoglobin was added to the 
serum of human or dog a number of haemoglobin bands appeared when the 
mixture was examined electrophoretically. Experiments were designed to in- 
vestigate for each (of several) species: 


1. The electrophoretic mobility of (a) haemoglobin and (b) carboxyhaemo- 
globin, by comparison with the simultaneously determined electrophoretic pat- 
tern of the serum proteins for each species. 


2. The electrophoretic behaviour of these substances when added in turn 
to the serum of the same species and the serum of different species. 


8. The electrophoretic behaviour of alkaline haematin alone, and the effect 
of its addition to the serum. 


METHOD. 


The species investigated were as indicated in Table 1. The blood samples were taken 
from healthy animals. The smaller animals were bled from the heart under ether anaes- 
thesia. Venous blood from man and large animals was used. 

The experimental procedure for the preparation of haemoglobin solutions and filter- 
paper electrophoresis has been described elsewhere (Reich, 1956). Carboxyhaemoglobin was 
prepared by saturating the haemoglobin solution with a stream of coal gas. The alkaline 
haematin solution was prepared as follows: 0-6 gm. of haemin crystals (an amount approxi- 
mately equivalent to a 20 p.c. haemoglobin solution) was dissolved in a minimum amount 
of IN NaOH solution and made up to 50 ml. with the buffer used for electrophoresis. This 
solution had a pH of about 9. All pigments were examined spectroscopically. Mixtures of 
serum and haemoglobin or serum and carboxyhaemoglobin were made by the addition of 
1 part of a 20 p.c. haemoglobin (or COHb) solution in 0-05 M veronal buffer (pH 8-6) to 
9 parts of serum. Mixtures of serum and alkaline haematin solution were prepared by the 
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addition of 1, 2, 3 parts of alkaline haematin to 9, 8, 7 parts of serum respectively. In 3 
human sera increasing amounts of alkaline haematin solutions ranging from 2, 3, 4, 5 parts 
were added to 8 parts of serum. These mixtures were incubated for 30 minutes at 37° C. 
0-03 and 0-04 ml. of the mixture were used in each estimation. 


RESULTS. 


Table 1 indicates that for all species investigated, with the exception of 
chickens, haemoglobin migrated as a single band. In rats and guinea pigs 
haemoglobin had a mobility similar to the mobility of az globulin of their respec- 
tive sera. In all the other species the haemoglobin mobility was the same as 
that of the 8 globulin fraction of their respective sera. The electrophoretic 
pattern obtained upon the addition of the haemoglobin of man, dog and cat 


TABLE 1. 


The electrophoretic mobilities of haemoglobin and carboxyhaemoglobin alone and upon addition 
to the serum for different species. 
































Haemoglobin Haemoglobin 
alone or or Carboxyhaemoglobin 
Carboxyhaemoglobin Added to serum 
Species Type | Position of bands | Position of bands 
Relative relative to due to 
No. of position No. of mobility of association with 
bands of bands* bands serum protein serum protein 
fractions fractions 
Human | 5 Adults and | One B glob. Three 1. B glob. a, glob. 
3 Children 2. a, glob. 
3. Alb. Alb. 
Dog 7 Mongrels of | One B glob. Two 1. B glob. a, glob. 
all ages 2. ag glob. 
Cat 5 Mixed breed | One B glob. Two 1. B glob. 
2. ag glob. a, glob. 
Sheep 6 Crossbred One B glob. One B glob. None 
Merino 
Chicken | 3 Female Two a. Static Two 1. Point of None 
White b. B glob. application 
Leghorn 2. B glob. 
Rabbit | 4 Albino Mixed) One B glob. One B glob. None 
breed 
Rat 3 Albino Mixed| One ag glob. One ag glob. None 
breed 
Guinea | 5 Albino Mixed) One a, glob. One a, glob. None 
pig breed 























* These positions were evaluated by comparison with the electrophoretic pattern of the 
serum of the same species determined simultaneously. 
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to the respective sera revealed a change in mobility of the haemoglobin due 
to a portion associating and moving with faster protein constituents. In sheep, 
guinea pig, chicken, rabbit and rat the mobility of the haemoglobin of the species 
was unchanged upon its addition to the serum of the same species. 

The electrophoretic behaviour of carboxyhaemoglobin alone and added to 
serum was precisely the same as that of haemoglobin in the species studied. 

The effect of the addition of alkaline haematin to the sera of 5 animal 
species is shown in Table 2. In all species alkaline haematin moved with the 
albumin but this association took place to various degrees. 

To three human sera increasing amounts of alkaline haematin solution were 
added to a constant amount of serum. On electrophoresis the alkaline haematin 
bands in the albumin position increased in intensity, until the excess stayed at 
the point of its application. In all other species the association of alkaline 
haematin with albumin took place to various degrees, which were inferior to 
the level for human albumin. In the human, dog and cat sera alkaline haematin 
to a small extent also combined with the a2 globulin fraction. 

The changes taking place on the addition of haemoglobin or carboxy- 
haemoglobin of one species to the serum of another species are summarized in 
Table 3. In each species the association of haemoglobin or carboxyhaemoglobin 
with serum protein fractions was independent of the haemoglobin or carboxy- 
haemoglobin source, whether homologous or heterologous. 


























TABLE 2. 
Effect of the addition of alkaline haematin to the sera of different animal species. 
Position of bands Position of bands 
Specimen No. of alk. relative to Intensity due to 
of haematin mobility of of combination with 
serum bands serum protein bands serum protein 
fractions fractions 
Alkaline haematin One Point of application 
solution 
Human Three 1. Point of application | 1. Intense a, globulin 
2. a, globulin 2. V. faint 
3. Albumin 3. Intense albumin 
Dog Three 1. Point of application | 1. Intense a, globulin 
2. a, globulin 2. V. faint 
3. Albumin 3. Moderate albumin 
Cat Three 1. Point of application | 1. Intense a, globulin 
2. ag globulin 2. V. Faint 
3. Albumin 3. Moderate albumin 
Sheep Two 1. Point of application | 1. Intense 
2. Albumin 2. Moderate albumin 
Guinea pig Two 1. Point of application | 1. Intense 
2. Albumin 2. Moderate albumin 
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TABLE 3. 
Addition of excess haemoglobin (or carboxyhaemoglobin) of one species to the serum of a different species. 
Specimen Specimen of Number Position of bands due 
of haemoglobin or of to combination with 
serum carboxyhaemoglobin bands serum protein fractions 
Human dog three a, globulin, albumin 
cat three a, globulin, albumin 
sheep three a, globulin, albumin 
guinea pig two* a, globulin, albumin 
Dog human two a, globulin 
cat two a, globulin 
sheep two a, globulin 
Cat human two a, globulin 
dog two a, globulin 
sheep two a, globulin 
Sheep human one none 
dog one none 
cat one none 
Guinea pig human one none 
dog one none 
Rat human one none 
dog one none 














For each species one band was due to the uncombined excess of haemoglobin (or carboxy- 
haemoglobin) added, having a mobility typical of the species. 

* The guinea pig haemoglobin had a mobility approximately the same as that of human 
a, globulin, producing one band within which resolution was impossible. 


DISCUSSION. 


Experiments in this study were divided into three sections: 1. The electro- 
phoretic mobility of haemoglobin was studied in various animal species, by com- 
parison with the pattern of their respective serum protein fractions. 2. The 
association of haemoglobin with serum protein fractions was investigated in a 
number of species. 3. An attempt was made to investigate the determining 
factor in the association of haemoglobin with serum proteins by studying (i) 
the electrophoretic properties of the protein moiety of haemoglobin (by alter- 
ing the prosthetic part), (ii) the electrophoretic properties of the prosthetic 
moiety derived from haemoglobin (by removing the protein part), and (iii) 
the effect of the addition of different haemoglobins (variable protein) on the 
serum protein fraction associating with the haemoglobin. 

In the species studied it seems that in most the haemoglobin moves in a 
single band having the same mobility as the 8 globulin fraction of its respective 
serum. Chickens were the only exception in that haemoglobin divided into 
two fractions. Similar observations were made by Johnson and Dunlop (1955). 
It was noticed that the first band did not move at all in the electric field, and 
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the second band corresponded with the 8 globulin mobility of the serum. The 
8 globulin fraction of chicken serum itself differed somewhat from other sera 
in that it formed a very wide band which started at the point of application 
of the serum. In the two species where the haemoglobin had a mobility cor- 
responding to the a2 globulin of the serum, the £ globulin fraction formed a 
smaller proportion of the total globulin part of the serum than in the other 
species studied. Moore, Levin and Smelser (1945) observed that in guinea pig 
sera both 6 globulin and y globulin were almost absent. 


Carboxyhaemoglobin of each species showed the same electrophoretic be- 
haviour as haemoglobin. Studies on human and sheep blood have revealed that 
haemoglobin and carboxyhaemoglobin had the same crystalline structure for 
the respective species (Lecks and Wolman, 1950). 


Association of haemoglobin or carboxyhaemoglobin with the protein frac- 
tions of the corresponding sera, took place in the human, the dog and the cat. 
In both guinea pig and rat, from the results presented in Table 1 alone, it was 
impossible to state whether any association had taken place with the a2 globulin. 
Results in Table 3 indicate that no association took place since on addition of 
haemoglobins slower moving than that of guinea pig or rat there was no asso- 
ciation with the az globulin. Similarly, no association of haemoglobin or carboxy- 
haemoglobin with the @ globulin took place in any of the species. This was 
proved previously with human and dog sera (Reich, 1956). Addition of small 
amounts of haemoglobin to these sera resulted in an association of az globulin 
only and not 8 globulin. In the other species studied haemoglobin or carboxy- 
haemoglobin did not combine in any electrophoretically detectable way with 
other serum protein fractions. Deutch and Goodloe (1945) compared the 
plasma electrophoretic patterns of a number of animal species with human 
plasma. These workers noticed that dog and cat plasma most closely resembled 
human plasma in relation to separation and mobility of components. The electro- 
phoretic mobility of red blood cell haemolysates of human, dog, and chicken was 
studied by Stern, Reiner and Silber (1945). They pointed out the similarity 
of the diagrams obtained from human and dog erythrocytes. 


It was shown in dog and humans (Reich, 1956) that when haemoglobin 
was added to serum it associated with the slowest moving part of the total a2 
globulin area. This suggests that a type(s) of a2 globulin is present in the serum 
of human, dog and cat and is not present in the other species examined. 


The addition of alkaline haematin to the sera of various species resulted 
in an association of this with the albumin. This association was most marked 
with human albumin. That addition of haematin to human serum resulted in 
methaemalbumin formation was shown by Fairley (1941) and Miller and Alling 
(1947). To a small extent, in three species association took place also with the 
a2 globulin. 
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The affinity of alkaline haematin is much greater for albumin than for the 
az globulin. Again the affinity of haemoglobin (or carboxyhaemoglobin) is 
much greater for the az globulin than for the albumin in human sera. In the 
other species haemoglobin (or carboxyhaemoglobin) does not associate with 
albumin at all. Field and O’Brien (1955) proved that no dissociation of haemo- 
globin took place at pH between 6-11. All the work quoted was performed at 
pH approximately 8-6. 

These experiments suggest that the protein moiety to a large extent is the 
factor taking part in the association of haemoglobin with the az globulin (chang- 
ing the prosthetic group of oxyhaemoglobin to that of carboxyhaemoglobin did 
not affect the electrophoretic behaviour), and the prosthetic part is the one 
which combines with the albumin. Lemberg and Legge (1949) suggest that 
the linkage is through the carboxylic acid side chains of haematin to the basic 
groups in the albumin.. The results summarized in Table 3 suggest that the 
association of haemoglobin with the az globulin is determined by the specificity 
of the a2 globulin of the individual sera, and not by the protein part of the 
haemoglobin molecule. 


SUMMARY. 


The electrophoretic behaviour of haemoglobin, carboxyhaemoglobin and 
alkaline haematin was investigated. When added to the serum of the same 
and different species characteristic associations with a2 globulin and albumin 
were observed. Conclusions are drawn with respect to the mechanism of the 
association of these substances with serum protein constituents. 
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LYSOGENICITY AND LYSIS PATTERNS IN THE 
SALMONELLAS 


8. BACTERIOPHAGE GROUPING OF 167 STRAINS OF 
S. BOVIS-MORBIFICANS! 


by NANCY ATKINSON anp L. R. BULLAS 
(From the Department of Bacteriology, University of Adelaide). 


(Accepted for publication 12th June, 1956.) 


A bacteriophage grouping scheme for S. bovis-morbificans was proposed 
by Atkinson (1956). Five groups (2, 3, 4, 5 and 6) were recognised by their 
lysogenicity patterns with selected indicator strains and their lysis patterns with 
selected phages. These patterns have now been determined for 167 strains of 
S. bovis-morbificans many of which had been tentatively grouped in prelimin- 
ary investigations involving some of the phages and indicator strains of the 
grouping scheme (Atkinson et al., 1952; Atkinson and Klauss, 1955; Atkinson 
and Bullas, 1956a). The tentative groupings of these strains were, with few 
exceptions, confirmed by the more extensive tests of the grouping scheme and 
some of the ungrouped strains were grouped. Many strains, however, failed 
to fit into any of the groups of the present scheme which must be enlarged to 
accommodate the ungrouped strains in new groups. Several new groups were 
indicated by the results of the present investigation. 


MATERIALS AND METHODS. 
The strains of S. bovis-morbificans. 


The strains used here were isolated in Australia and New Zealand and came from the 
collection of the Salmonella Typing Centre. They were numbered between 1 and 180 and 
all had been previously recorded in various papers of this series. Strains numbered between 
1 and 60 were a heterogeneous collection selected at random. They were first recorded in 
paper 1 (Atkinson et al., 1952) and further investigated in paper 5 (Atkinson and Klauss, 
1955) where the date and place of isolation of many of them appeared. In this paper the 
new phage group 6 was proposed and consisted mainly of strains coming from Brisbane 
during the latter part of 1947 when an epidemic of infantile gastro-enteritis was in progress 
(Mackerras and Mackerras, 1949). To investigate the possible connection of group 6 with 
the Brisbane epidemic, strains numbered between 61 and 150 were purposely selected from 
those received from Brisbane in the epidemic period. In paper 5 (Atkinson and Klauss, 1955) 
and paper 6 (Atkinson and Bullas, 1956a) the sources of these strains were given and by a 
limited series of tests many of them were placed in group 6. For comparison with the 
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Brisbane epidemic strains, the strains numbered between 151 and 180 were purposely selected 
from sources unconnected with the Brisbane epidemic. Atkinson and Bullas (1956a) gave 
details of the origins of these strains. 


In the present investigation, all the available strains from 1 to 180 were submitted to 
the extended series of lysis and lysogenicity tests of the bacteriophage grouping scheme for 
S. bovis-morbificans (Atkinson, 1956). In Table 1, which gives the results of these tests, 
the source of each strain is briefly indicated. 

Methods. 


The lysis and lysogenicity tests were carried out according to the methods of the bacterio- 
phage grouping scheme for S. bovis-morbificans. To avoid as far as possible any variation 
in phage activity, the stock phage preparations were kept in the refrigerator and the same 
stock was used as a source of phage throughout this investigation. Phage 17/18 (type 2) 
was a purified preparation from a single plaque and was preserved with 1 p.c. chloroform. 
Its activity was low and it had to be used undiluted. The contaminating phage of the 
lysogenic propagating strain 18 was present in only very small amount and caused no con- 
fusion. Phage 45/18 (type 3) was a single plaque preparation freed from bacteria by 
centrifugation. Its test dilution was 10-1. Phage BM14/18 (type 5) was a single plaque 
preparation freed from bacteria by heating at 56° C. for 30 minutes and used at a test 
dilution of 10-1. The phages BM14/8 (type 4) and BM8/14 (type 6) were freed from 
bacteria by centrifugation. The type 5 phage (like BM14/18) given off by both strains 
8 and 14 was neutralised with antiserum and each phage was used at a test dilution of 
10-1 at which the second phage given off by the lysogenic propagating strain was greatly 
reduced and caused little interference with the test. Details of the methods of preparation of 
all these phages will be given in a separate paper (Atkinson and Bullas, 1956b). 


RESULTS. 


The results of lysis and lysogenicity tests on 167 strains of S. bovis-morbificans 
are given in Table 1. The first part of this Table shows the results of lysis tests 
with the five S. bovis-morbificans phages of types 2, 3, 4, 5 and 6 and the second 
part shows the results of lysogenicity tests on the five S. bovis-morbificans indi- 
cator strains 17, 45, 18, 14 and 8 representing the five phage groups 2, 3, 4, 5 
and 6 respectively. 


Fourteen strains included in Table 1 either failed to grow or showed phage 
eaten growth and were not tested. The groupings of the remaining 153 strains 
are given in the last column of Table 1 and were derived from the combined 
patterns of the reactions in the lysis and lysogenicity tests. The pattern for the 
indicator strain of each group was given in the description of the bacteriophage 
grouping scheme (Atkinson, 1956) and was taken as the pattern for the group. 
Some minor variations occurred, however, in the patterns of strains allotted to 
certain groups in Table 1. Thus group 2 strains varied in their ability to lyse 
strain 45 (group 3), but otherwise agreed with the pattern in the grouping 
scheme. Group 8 strains varied in their ability to lyse strain 17 (group 2) and 
were not usually lysed by phages BM17/18 and BM8/14. The strains placed 
in groups 4, 5 and 6 in Table 1 gave patterns identical with those of the grouping 
scheme. 
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Many strains failed to give a pattern typical of a recognised group and were 
therefore recorded in Table 1 as ungrouped. Among these atypical patterns, 
a few corresponded in either lysis or lysogenicity to a group pattern. Thus 
strains 1, 2, 6 and 86 gave the lysis pattern of group 5, but the lysogenicity 
patterns differed among these strains and none corresponded to group 5. In the 
lysogenicity tests only two ungrouped strains (3 and 164) gave group patterns 
and their lysis tests were not typical. Many ungrouped strains were lysogenic 
on all the indicator strains. This extensive lysogenic action was often accom- 
panied by resistance to all the phages. Thus strains 7, 10, 52, 57, 91, 94, 103, 
160, 162, 167, 168 and 179 gave similar patterns being resistant to all the phages 
and lysogenic on all the indicator strains. To investigate whether these strains 
were identical and formed a new phage group, they were all tested for lysogeni- 
city with strain 7. The results of these tests indicated at least three new groups 
among these strains the majority of which gave positive lysogenicity tests with 
strain 7. Further work is proceeding to clarify the position of the new groups 
in the bacteriophage grouping scheme. These results emphasized the hazards 
of attempting to group strains on patterns other than those of recognised groups. 


The more extensive tests in Table 1 confirmed the tentative groupings of 
all strains grouped in papers 5 and 6 except strain 52 (previously group 6 now 
ungrouped ), strain 67 which failed to grow and strain 178 (previously group 
5 now ungrouped). Also 16 previously ungrouped strains were grouped. In 
paper 1, only groups 1 to 4 were recognised by crude tests with unpurified 
phages. Nevertheless, the groupings of all strains, except 3 and 36, allotted to 
groups 2, 3 and 4 were confirmed by the results in Table 1. Group 1, not yet 
recognised in the grouping scheme, was shown to be heterogeneous, but con- 
tained three group 6 strains (19, 35 and 48), all from the Brisbane epidemic. 


The distribution of the 153 strains among the five phage groups is given 
in Table 2 in which the place and year of isolation are also given. 

The totals at the foot of Table 2 show that, of 153 strains tested, 120 were 
grouped and 33 failed to fit into any group. Of the 120 grouped strains, 8 were 
placed in group 2, 16 in group 3, 7 in group 4, 2 in group 5, and 87 in group 6. 

The figures in Table 2 for individual States and years represented only a 
portion of the total number of strains of S. bovis-morbificans available. From 
these figures, therefore, the local incidence of the phage groups could not be 
accurately assessed. Nevertheless the figures for group 6 indicated an un- 
doubtedly high incidence of group 6 strains in Queensland in the epidemic year 
of 1947 (80 group 6 out of 95 tested). In later years, however, no group 6 
strains were found among 22 from Queensland. A few group 8 strains occurred 
in Brisbane during the epidemic period, but were also found in later years. In 
fact, Queensland supplied 13 out of the 16 group 3 strains in Table 2. Group 2 
and group 4 strains were also found occasionally in Queensland. The other 
States were represented by small numbers of strains. The total for N.S.W. was 


BACTERIOPHAGE GROUPING OF S. BOVIS-MORBIFICANS 357 


TABLE 2. 
Distribution of 153 strains of S. bovis-morbificans among the phage groups. 
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16 of which 3 were in group 2, 1 in group 3, 2 in group 4, 2 in group 5, and 
none in group 6. The total for South Australia was 19 strains of which 2 were 
in group 8, 2 in group 4, and 7 in group 6. These were the only group 6 strains 
found outside the Brisbane epidemic. The two New Zealand strains were placed 
in group 2. 


DISCUSSION. 


By applying the lysis and lysogenicity tests of the grouping scheme to 153 
strains of S. bovis-morbificans, 120 strains were grouped. The failure to fit 33 
strains into any of the five recognised groups indicated the inadequacy of the 
present scheme. Previous work had shown, however, that S. bovis-morbificans 
was always lysogenic and provided many different phages and a great variety 
of lysis and lysogenicity patterns. The failure to group 33 strains was therefore 
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not surprising, especially in a heterogeneous collection covering human and 
animal strains isolated in several States over several years. 


Among the grouped strains, a homogeneous section of 80 group 6 strains 
occurred among 95 isolated in Brisbane in 1947 during an epidemic of gastro- 
enteritis (Mackerras and Mackerras, 1949). No group 6 strains were found 
among Brisbane strains isolated at other times. Group 6 seemed therefore to 
be the main epidemic strain and it disappeared after the epidemic finished. This 
phage-grouping appeared, therefore, to have epidemiological significance. 


Apart from the 80 group 6 strains of the Brisbane epidemic, 40 strains from 
other sources were grouped. Group 3 was the commonest with 16 strains and 
group 5 was the rarest with 2 strains. Most of the group 3 strains came at 
various times from Brisbane where, in contrast to the group 6 strains, they were 
apparently endemic. The only other group 6 strains came in various years from 
South Australia, where they appeared to be endemic. None was connected 
with any major outbreak of gastro-enteritis. The actual incidence of the groups 
could not be gauged accurately from the figures in Table 2 as they represented 
only a portion of the S. bovis-morbificans strains isolated in various States. The 
remainder of these strains are being tested and the complete figures should 
show relative incidence of the groups. 


Among the ungrouped strains various lysis and lysogenicity patterns occurred 
and obviously several new groups awaited recognition. Work is proceeding to 
investigate the characteristics of these new groups and their place in the group- 
ing scheme. 


To determine the grouping of a strain of S. bovis-morbificans, both lysis 
and lysogenicity tests were used. An examination of the results in Table 1 shows, 
however, that either lysis or lysogenicity tests alone were frequently adequate 
for grouping. On lysis tests alone all the grouped strains were correctly placed, 
but a number of ungrouped strains were wrongly included in a group. On 
lysogenicity tests alone strains of groups 4, 5 and 6 were correctly placed, very 
few ungrouped strains were wrongly included in a group, but group 2 and 
group 3 strains were not always clearly distinguished. Confusion occurred with 
four group 8 strains (26, 50, 110, 126) which failed to lyse the indicator strain 17 
(group 2) and thus gave a lysogenicity pattern identical with that of many 
group 2 strains. However, the group 2 strains were readily separated from the 
group 8 strains by the lysogenic action on them of the group 3 indicator strain 
45. This result is not shown in Table 1 which records only the lysogenic action 
of the test strain on the indicator strains. It was always obtained, however, as 
the routine method for the lysogenicity test detected lysogenicity in either 
member of the test pair. Thus reasonable grouping could be obtained with 
lysis or lysogenicity tests alone, but the two together were more reliable. 


Certain results were critical in grouping. In the lysis tests no groups other 
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than group 6 were lysed by phage BM14/8. This test was almost specific for 
group 6 outside which only one ungrouped strain (159) was lysed. The most 
critical test in grouping, however, was the lysogenicity test with the indicator 
strain of the group to which the test strain appeared to belong. Any lysogenic 
action between the test strain and this indicator strain denied the identity of 
the two strains and excluded the test strain from the group even if all other 
reactions supported the grouping. 

The impossibility of grouping by patterns not including the indicator strain 
or phage of a group, was well demonstrated by the tests on a batch of un- 
grouped strains giving similar reactions in Table 1. When strain 7 was selected 
from this batch as an indicator strain, lysogenicity was demonstrated with most 
of the other strains which were obviously heterogeneous. 

A number of strains previously tested and growing well at the time failed 
to grow or showed heavily phage eaten growth during the present work. Some 
phage eaten strains were recorded in earlier work. This tendency to develop 
overt phage infection was a characteristic of S$. bovis-morbificans and had not 
been observed in examination of hundreds of strains of S. adelaide (Atkinson 
and Klauss, 1955). 

The lysis and lysogenicity patterns of the bacteriophage grouping scheme 
for S. bovis-morbificans (Atkinson, 1956) were mainly confirmed by the results 
of the routine testing of 153 strains recorded here. This extensive series of 
tests revealed, not unexpectedly, that some variation might occur in the patterns 
of strains allotted to a group. The variations detected were, however, not great. 
They occurred only in groups 2 and 3 and caused no confusion in grouping. 
The phage grouping scheme was therefore considered satisfactory for deter- 
mining the five groups so far recognised. The large number of ungrouped 
strains and their variety of reactions indicated, however, that many new groups 
awaited recognition. 


SUMMARY. 


The lysis and lysogenicity patterns of 153 Australian and New Zealand 
strains of S. bovis-morbificans were determined using the phages and indicator 
strains of the bacteriophage grouping scheme. One hundred and twenty strains 
were grouped, of which 8 were placed in group 2, 16 in group 3, 7 in group 4, 
2 in group 5, and 87 in group 6. Thirty-three strains were ungrouped. 

Of the 87 group 6 strains, 80 came from Brisbane, Queensland, in 1947 
during an epidemic of gastro-enteritis. Group 6 strains were not found again 
among 22 from Queensland in other years. Group 6 was therefore considered 
to be the main epidemic strain. The remaining 7 group 6 strains all came from 
South Australia at various times and appeared to be endemic. 

The results with the Brisbane epidemic strains indicated the potential value 
of the grouping scheme in epidemiological investigations. 
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LYSOGENICITY AND LYSIS PATTERNS IN THE 
SALMONELLAS 


9. THE INDICATOR STRAINS OF THE BACTERIOPHAGE GROUPS OF 
S. BOVIS-MORBIFICANS! 
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In the bacteriophage grouping scheme proposed for S. bovis-morbificans by 
Atkinson (1956), lysogenicity tests on five indicator strains partly determined 
the grouping. The indicator strains were all lysogenic and carried phages 
characteristic of the groups. The type of phage carried by each indicator strain 
was mentioned in the grouping scheme but the investigations which determined 
the presence of these phages have not yet been recorded apart from a brief 
mention of the phages of groups 4, 5 and 6 by Atkinson and Klauss (1955). 
These investigations are therefore described here. The work would have been 
greatly simplified by the discovery of a non-lysogenic strain of S. bovis-morbi- 
ficans for isolation and cultivation of phages, but no such strain has so far 
appeared although 167 have been investigated (Atkinson and Bullas, 1956a). 
Of necessity, therefore, all phages were detected and cultivated on lysogenic 
strains which were shown to give off some of their own carried phages during 
growth. In assessing results therefore allowance had to be made for the in- 
evitable presence of this contaminating phage. Nevertheless, the presence of 
various kinds of phage in the indicator strains was established and the most 
suitable pairs of strains for the preparation of phage from the five indicator 
strains were determined. 


METHODs. 


The five lysogenic indicator strains 17 (group 2), 45 (group 3), 18 (group 4), 14 
(group 5) and 8 (group 6) of the bacteriophage grouping scheme for S. bovis-morbificans 
were used in this work. 

To detect carried phages these five strains were grown together on agar in pairs in 
every possible combination. The agar cultures consisted of a patch inoculated with one 
strain to which, when dry, the other strain was added as a small central spot. The two strains 
were thus inoculated one on top of the other. The pairs were therefore recorded as two 
numbers, the first number being the strain on top and the second number the strain below. 





1 This work was assisted by a grant from the National Health and Medical Research 
Council, Canberra. 
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In the pair 17/18, a spot of strain 17 was placed on the patch already inoculated with strain 
18. In pairs such as 17/17, a spot of strain 17 was placed on a patch already inoculated 
with strain 17. Each indicator strain was tested in this way on itself to detect any phage 
which it produced spontaneously during growth under conditions of the test. After over- 
night incubation the mixed spot of growth was removed from the agar and extracted in 
about 0-5 ml. of broth. The extract was centrifuged and tested for lytic activity upon all 
five indicator strains which varied in sensitivity to the carried phages and allowed some 
analysis of the phage content of the extracts. From the results of these tests suitable pairs 
were selected for preparation of phage from each indicator strain. 

Tests for lytic activity were made on agar by the method of Craigie and Yen (1938) 
in which a small spot of the extract was carefully placed in the centre of a patch inoculated 
beforehand with the indicator strain. After incubation the patch was examined for lysis. 

Crude phage preparations for further investigations were made from extracts of the 
mixed growth of suitable pairs in which the first strain carried the required phage and the 
second strain was sensitive to it. The extracts were freed from bacteria by centrifuging, 
heating or filtration. To increase the phage concentration, each extract was then mixed 
with a young broth culture of the corresponding sensitive strain. After incubation each 
broth culture was freed from bacteria by centrifuging, heating or filtration and constituted 
the crude phage preparation. Each was tested for lytic activity upon all five indicator strains 
and the appearance of any lysed areas was described. In this way a number of different 
phages were distinguished and their distribution among the five lysogenic indicator strains 
determined. 


RESULTS. 


The results of lysis tests with the extracts of all possible pairs of the five 

indicator strains 17 (group 2), 45 (group 3), 18 (group 4), 14 (group 5), and 
8 (group 6) are given in Table 1. 
The eight pairs involving strain 8 and another strain (17/8, 45/8, 18/8, 14/8, 
8/17, 8/45, 8/18, 8/14) produced extracts which lysed all five indicator strains. 
Strain 8 therefore carried phage to which the other four strains were sensitive 
and was itself sensitive to phage from the other four strains. 

Extracts of pairs involving strain 14 and another strain were almost as 
extensive in range of lysis as the pairs with 8. Six pairs (17/14, 45/14, 14/17, 
14/45, 14/8 and 8/14) produced extracts which lysed all five indicator strains 
and the remaining two pairs (18/14 and 14/18) produced extracts lysing all 
except strain 14. Strain 14, therefore, carried phage to which the other four 
strains were sensitive and was itself sensitive to phage from strains 17, 45 and 8. 
It was resistant to phage from strain 18. 

Of the pairs involving strain 18 and another strain, extracts of only two 
(18/8 and 8/18) lysed all five indicator strains. Extracts of the other six pairs 
(17/18, 45/18, 14/18, 18/17, 18/45, 18/14) lysed strain 18 but failed to lyse 
the other member of the pair. Strain 18 therefore carried phage to which only 
strain 8 was sensitive and was itself sensitive to phage from the other four strains. 

Pairs involving strains 17 and 45 together or with other strains produced 
lysis of strains 18, 14 and 8 which were thus shown to be sensitive to phage 
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TABLE l. 
Results of tests with all possible pairs of the five indicator strains of S. bovis-morbificans. 





Lysis on 





Test pairs 
Strain 17 Strain 45 Strain 18 Strain 14 Strain 8 
(group 2) (group 3) (group 4) (group 5) (group 6) 





17/17 
17/45 
17/18 
17/14 
17/8 
45/17 
45/45 
45/18 
45/14 
45/8 
18/17 
18/45 
18/18 
18/14 
18/8 
14/17 
14/45 
14/18 
14/14 
14/8 
8/17 
8/45 
8/18 
8/14 
8/8 
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+ = confluent or semi-confluent lysis or many plaques. 
— = no lysis. 


from strains 17 and 45. Extracts of the pairs 17/45 and 45/17 lysed strain 17 
but not strain 45. Strain 17 therefore carried phage to which strains 18, 14 and 
8 were sensitive and strain 45 was resistant, and was itself sensitive to phage 
from strains 45, 14 and 8 but resistant to the phage from strain 18. Strain 45 
carried phage to which the other four strains were sensitive and was itself 
sensitive to phage from strains 14 and 8 but was resistant to phage from 
strains 17 and 18. 

Further evidence on the lytic activity of the carried phages of the five 
indicator strains came from tests on extracts of the pairs 17/17, 45/45, 18/18, 
14/14 and 8/8 containing only one indicator strain. These pairs simulated tests 
between two different strains of the same group, frequently encountered during 
the routine grouping of strains by the lysogenicity tests of the grouping scheme. 
Such pairs produced extracts which failed to lyse either strain of the pair. These 
extracts were not devoid of phage, however, but contained some phage sponta- 
neously given off by the lysogenic strains during growth and detectable by 
lysis tests on the other indicator strains. Thus phage given off by strain 17 in 
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the extract of 17/17 lysed strains 18, 14 and 8, but not strains 17 or 45. The 
previous tests on pairs including strain 17 and another strain indicated the same 
range of activity. Similarly the activity ranges of the carried phages of the 
other four indicator strains determined by the previous tests were confirmed 
by the tests on extracts of 45/45, 18/18, 14/14 and 8/8. Strain 18 appeared in 
all tests to be particularly sensitive to phages from the other four strains but 
only strain 8 was sensitive to the phage of strain 18. 

An examination of the appearance of the lysis produced by various extracts 
showed several kinds of plaques which were related to the strain producing the 
lysis. Extracts of 17/17, 18/17 and 17/18, mainly containing phage from strain 
17, produced on strain 18 small, irregular, clear plaques with central growth. 
Extracts of 45/45, 45/18 and 18/45, mainly containing phage from strain 45, 
produced very small hazy plaques on strain 18. Extracts from 18/18 contained 
only phage from strain 18 and gave some very small, clear plaques on strain 8. 
Extracts from other pairs including strain 18 frequently contained other phages 
lysing strain 8 and obscuring any very small plaques of the phage from strain 18. 

Extracts of 14/14 and other pairs containing strain 14 produced a typical 
strong confluent lysis on strain 18 consisting of a central disc of growth sur- 
rounded by a clearer ring. The extract of 14/14 contained sufficient of this 
phage given off by strain 14 to produce confluent lysis of strain 18. Extracts 
from pairs containing strain 14 therefore often caused typical confluent lysis 
of strain 18 on which any other form of lysis then was obscured. 

Extracts of 8/18 produced on strain 18 strong confluent lysis resembling 
that produced by extracts of 14/14 and 14/18. Extracts of 8/8 produced on 
strain 18 many medium, irregular, hazy plaques similar to those obtainable by 
dilution of the extract of 14/14. These results suggested that strains 14 and 8 
carried similar phages. 

If strain 8 carried the same phage as strain 14 the pairs 14/8 and 8/14 should 
produce an extract without lytic action on either strain 14 or strain 8. Reference 
to Table 1 shows, however, that the extracts of these pairs lysed both strains 
14 and 8. The appearance of the lysis on each strain was totally different, how- 
ever, from that of the strong phage of the 14/14 extract and consisted of many 
very small plaques. The plaques on strain 8 were clearer than the plaques on 
strain 14. These plaques represented a second phage coming from each strain. 
Strain 14 was sensitive to the second phage of strain 8 and strain 8 was sensi- 
tive to the second phage of strain 14. Neither strain was sensitive to the strong 
first phage of the other. This resistance shown by both strains further con- 
firmed the similarity of the first phage of strain 14 and the first phage of strain 
8. Evidence for the presence of two phages in strains 14 and 8 was briefly 
mentioned by Atkinson and Klauss (1955) in first describing group 6. 

The second phage of strain 14 resembled in plaque appearance the phage 
of strain 18. Strain 14 was resistant to the phage of strain 18 in extracts of the 
pair 14/18. The resemblance between the plaques of these two phages, their 
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lysis of strain 8 and the resistance of strain 14 to the phage from strain 18 sug- 
gested that they might be similar phages. The action of the second phage of 
strain 14 on strains 17, 45 and 18 was impossible to determine in extracts of 
14/14 or 14/8 on account of the strong confluent lysis of these strains by the 
first phage of strain 14 which obscured any other form of lysis. Its range of 
action could not, therefore, be compared with that of the phage from 18. 

The second phage of strain 8 was seen in extracts of 8/8 tested on strain 
14 where they produced a number of small, almost clear plaques. These plaques 
also appeared on strains 17 and 18. The second phage of strain 8 appeared to 
lyse strains 17, 18 and 14 but not strain 45. 

Taking into account all these results the most suitable pair for preparation 
of phage from each indicator strain was selected. For preparation of phage 
from strains 17 and 45 the most suitable pairs were considered to be 17/18 and 
45/18 as phage from strain 17 or 45 multiplied on strain 18 but the phage of 
strain 18 failed to multiply on strain 17 or 45. Extracts of these pairs contained 
mainly phage from either strain 17 or strain 45 with a small amount of phage 
given off from strain 18. 

For preparation of the phage from strain 18, no really suitable pair was 
available as only strain 8 was sensitive to this phage. The only possible pairs 
were 18/8 or 8/18. In extracts of these pairs phages from both strains multiplied. 
The strong first phage and the weak second phage of strain 8 multiplied on 
strain 18. Besides these two unwanted phages, the phage from strain 18, the 
preparation of which was required, multiplied on strain 8. Such extracts were 
unsatisfactory for investigation of the phage of strain 18 on account of the rela- 
tively high concentrations of the other two phages. 

For preparation of the strong first phage of strain 14 the pair 14/18 was 
suitable as this phage multiplied extensively upon strain 18. The second phage 
of strain 14 and the phage of strain 18 were also present in very small amounts 
given off during growth. 

For preparation of the second phage of strain 14 the pair 14/8 was selected 
as this phage multiplied on strain 8 which was resistant to the strong first phage 
of strain 14. Extracts of this pair contained not only the second phage of strain 
14 but also the second phage of strain 8 which multiplied on strain 14 and the 
first phage of strains 14 and 8 given off during growth. 

For preparation of the strong first phage of strain 8 the pair 8/18 was 
suitable. This phage multiplied extensively upon strain 18. At the same time 
the second phage of strain 8 multiplied on strain 18 and the phage of strain 
18 also multiplied upon strain 8. The first phage of strain 8 was nevertheless 
far in excess of the other two unwanted phages. 

For preparation of the second phage of strain 8 the unsuitable pair 8/14 
was used and had the same disadvantages as the pair 14/8 used for the second 
phage of strain 14. Besides the second phage of 8 the extract of 8/14 contained 
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for lysis on the five indicator strains. 
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the second phage of strain 14 which multiplied upon strain 8 and the first phages 
of strains 14 and 8 given off during growth. 

Crude phage preparations were made from each selected pair and tested 
The results of these tests are recorded 
























































in Table 2. 
TABLE 2. 
Reactions of crude phage preparations on the five indicator strains. 
Reaction with 
Crude 
phage 
preparation Strain 17 Strain 45 Strain 18 Strain 14 Strain 8 
(group 2) (group 3) (group 4) (group 5) (group 6) 
17/18 _ confluent confluent confluent 
almost clear almost clear almost clear 
45/18 very small ~ very small very small very small 
hazy pls. hazy pls. hazy pls. clear pls. 
18/8 hazy confluent | hazy confluent} hazy confluent | very small very small 
with ring with ring with ring almost clear | clear pls. 
pls. 
14/18 hazy confluent! hazy confluent | hazy confluent - very few 
with ring with ring with ring small clear 
Is. 
14/8 hazy semi- hazy semi- hazy confluent | very small confluent clear 
confluent confluent with ring almost clear 
pls. 
8/18 hazy confluent | hazy confluent hazy confluent | confluent very small 
with ring with ring with ring almost clear clear pls. 
8/14 hazy semi- hazy semi- hazy confluent | confluent semi-confluent 
confluent confluent with ring almost clear clear 
— = no lysis. 
pls. = plaques. 


Each crude phage preparation showed the range of lytic activity and the kind 
of lysis expected from the previous tests. The main phage from the pair 17/18 
lysed strains 18, 14 and 8 with confluent almost clear lysis. This phage was 
called BM17/18. The main phage from the pair 45/18 lysed strains 17, 18 and 
14 with typical very small, hazy plaques and was called phage BM45/18. As 
expected, some very small, clear plaques of the phage given off by strain 18 
appeared on strain 8 but no hazy plaques of BM45/18 were seen. The 
preparation from the pair 18/8 lysed strains 17, 45 and 18 with the typical 
confluent lysis produced by the first phage of strain 8, but produced numerous 
very small almost clear plaques typical of the second phage of strain 8 on strain 
14 and numerous very small clear plaques typical of the second phage of strain 
14 on strain 8. For investigation of the phage of strain 18 this preparation 
was not satisfactory and required further treatment to increase its content of 
this phage and reduce the unwanted phages. As the pair 18/8 was the only 
one available for cultivation of the phage from strain 18, this phage was desig- 
nated BM18/8. 
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The pair 14/18 yielded one main phage producing typical confluent lysis 
consisting of a central disc of growth surrounded by a clearer ring on strains 
17, 45 and 18. As expected, some small clear plaques of the phage given off 
by strain 18 appeared on strain 8. The main phage, which was the strong first 
phage of strain 14, was called BM14/18. This phage was briefly described by 
Atkinson and Klauss (1955) who used it for testing strains of S. bovis-morbificans 
during preliminary work on group 6. 

Preparations from the pair 14/8 produced confluent or semi-confluent lysis 
of strains 17, 45 and 18, typical of phage BM14/18, and due to phage given off 
by strains 14 and 8. On strain 14 numerous very small almost clear plaques 
typical of the second phage of strain 8 appeared and on strain 8 confluent to 
semi-confluent clear lysis was produced by the second phage of strain 14. As 
this pair had to be used for production of the second phage of strain 14 this 
phage was called BM14/8. For further investigation of phage BM14/8 this pre- 
paration required treatment to reduce the activity of the unwanted phages. 

The pair 8/18 produced one main phage showing strong confluent lysis 
resembling that of phage BM14/18, on strains 17, 45 and 18. On strain 14 
confluent to semi-confluent almost clear lysis occurred and was considered to 
be due to the second phage of strain 8 which apparently multiplied well upon 
strain 18. On strain 8 numerous very small, clear plaques of phage BM18/8 ap- 
peared. The main phage from this pair was the first phage of strain 8 and 
was called BM8/18. It closely resembled phage BM14/18 in appearance of 
lysis and in lysis pattern. 

Preparations from the pair 8/14 behaved like those from 14/8 and pro- 
duced hazy confluent or semi-confluent lysis of strains 17, 45 and 18 due to 
phages BM14/18 and BM8/18, confluent or semi-confluent lysis of strain 14 due 
to the second phage of strain 8 and many very small, clear plaques to clear 
confluent lysis on strain 8 due to phage BM14/8. As this pair had to be used 
for the production of the second phage of strain 8, this phage was called BM8/14. 
For further investigation of phage BM8/14, these preparations required treat- 
ment to reduce the activity of the unwanted phages. 

The further treatment of these phage preparations and the characteristics 
of the phages will be given in a separate paper (Atkinson and Bullas, 1956b). 


DISCUSSION. 


From the five lysogenic indicator strains of S$. bovis-morbificans seven dif- 
ferent phage preparations were obtained and named after the pairs used in 
production. Phage BM17/18 came from strain 17 (group 2), phage BM45/18 
from strain 45 (group 3) and phage BM8/18 from strain 18 (group 4). No 
other phages were obtained from these strains. Strain 14 (group 5), however, 
provided two phages BM14/18 and BM14/8 and strain 8 also provided two 
phages BM8/18 and BM8/14. 
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From lysis pattern and plaque appearance phages BM17/18, BM45/18, 
BM18/8, BM14/18 ard BM8/14 were all different and probably represented 
different types of S. bovis-morbificans phage. Phage BM8/18 resembled phage 
BM14/18 and phage BM14/8 resembled phage BM18/8. 

Preparation of the phages was complicated by the necessity of using lyso- 
genic strains for their cultivation. Initially several pairs, selected for phage 
production, yielded two or even three phages, among which the required phage 
was not always predominant. Subsequently any phage preparation was always 
contaminated with the carried phage of the lysogenic propagating strain which 
was spci.taneously given off during growth. As far as possible, therefore, pairs 
selected for phage production contained a strain sensitive to the required phage 
and a strain providing the required phage but resistant to phage from the sensi- 
tive strain. Such pairs gave extracts in which the required phage was the main 
one and was accompanied by only small amounts of other carried phage given 
off by the sensitive strain. The pairs 17/18, 45/18 and 14/18 behaved in this 
way and each gave good yields of one type of phage. The other pairs, which 
had to be used in phage production here, were not so satisfactory as they allowed 
multiplication of more than one phage type. The development of better phage 
preparations will be discussed in a separate paper (Atkinson and Bullas, 1956b). 


SUMMARY. 


By testing in pairs in all possible combinations the five S. bovis-morbificans 
indicator strains 17 (group 2), 45 (group 3), 18 (group 4), 14 (group 5), and 
8 (group 6) were shown to give complex lysogenicity patterns which were 
related to the carriage of at least five different types of phage. 

Pairs of strains were selected for the preparation of phage from each indi- 
cator strain. Strain 17 provided one phage BM17/18, strain 45 one phage 
BM45/18, and strain 18 one phage BM18/8. Strain 14 provided two phages 
BM14/18 and BM14/8 and strain 8 also provided two phages BM8/18 and 
BMS8/14. 

From lysis pattern and plaque appearance the five phages BM17/18, 
BM45/18, BM18/8, BM14/18 and BM8/14 were considered to be different types 
but phage BM8/18 resembled phage BM14/18 and phage BM14/8 resembled 
phage BM18/8. 

Thus strains 17, 45 and 18 were each shown to carry at least one type of 
phage and strains 14 and 8 at least two types of phage. 
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Salmonella typing began in this laboratory in 1944 and 3,340 strains were 
typed up to the end of 1954. Of these, 2,073 were recorded in detail in papers 
1, 2, 3, 4, 8 and 10 of this series (Atkinson and Woodroofe, 1944; Atkinson, Wood- 
roofe and Macbeth, 1944, 1947, 1949; Atkinson, Woodroofe and Culver, 1952; 
Atkinson et al., 1953). Each paper described a successive group of strains and 
no collected results have so far been published. The present paper, therefore, 
deals with the distribution of types among the 3,340 strains covered in the 
period 1944-1954. On the basis of this analysis some recommendations are made 
for the routine determination of the O groups in Australia. On account of the 
widespread incidence of S. typhi-murium recommendations are also made for 


the rapid routine identification of this type. 


MATERIALS AND METHODS. 


The 3,340 strains recorded here were all isolated in other laboratories and sent in for 
typing. Of these strains 46 were described in detail by Atkinson and Woodroofe (1944), 
41 by Atkinson, Woodroofe and Macbeth (1944), 156 by Atkinson, Woodroofe and Macbeth 
(1947), 206 by Atkinson, Woodroofe and Macbeth (1949), 750 by Atkinson, Woodroofe and 
Culver (1952), and 874 by Atkinson et al. (1953). The remaining 1,267 strains have not 
previously been recorded. 

The methods of typing mainly followed those of Kauffman (1951) or Edwards and Ewing 
(1952) and were given in the earlier papers. 


RESULTS AND DISCUSSION. 


Fifty-nine different types were found among the 3,340 Australian strains of 
Salmonella. For each type Table 1 records the number of strains from human, 
animal and other sources and also the total number. 


S. typhi-murium greatly exceeded any other type and provided 1,557 strains 
of which about one-third came from animals. S. bovis-morbificans came next 
with a total of 532 strains. All other types fell far below these numbers. S. 
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TABLE 1. 


Salmonella types received from 1944 to 1954. 










No. of strains from 























Total no. 
Salmonella type of strains 
humans animals other sources 
Group A 
S. paratyphi A 4 0 0 + 
Group B 
S. ball 1 0 0 ] 
S. bredeney 0 4 0 4 
S. chester 30 12 0 42 
S. derby 81 42 1 124 
S. heidelberg 9 0 1 10 
S. paratyphi B 17 0 0 17 
S. reading 3 1 0 4 
S. saint-paul 12 7 0 19 
S. salinatis 2 0 0 2 
S. san diego 11 3 0 14 
S. stanley 3 1 0 4 
S. typhi-murium 1,198 351 8 1,557 
Group C 
S. bareilly 4 11 0 15 
S. birkenhead 1 1 0 2 
S. bonariensis 2 6 0 8 
S. bovis-morbificans 485 42 5 532 
S. cholerae-suis including var. 
kunzendorf 4 147 0 151 
S. glostrup 1 0 0 l 
S. hidalgo 0 1 0 1 
S. kottbus 11 3 0 14 
S. litchfield 9 0 0 9 
S. lomita l 0 0 1 
S. montevideo 1 0 0 1 
S. muenchen 42 26 0 68 
S. newport 83 26 0 109 
S. norwich 3 1 0 4 
S. oranienberg 15 7 5 27 
S. oslo 3 5 0 8 
S. paratyphi C 17 4 0 21 
S. potsdam 6 11 0 17 
S. thompson 0 1 8 9 
Group D 
S. berta 2 0 0 2 
S. blegdam 44 ¥ 0 51 
S. eastbourne 1 1 1 3 
S. enteritidis 7 9 0 16 
S. javiana 5 0 0 5 
S. moscow 1 0 0 1 
Group E 
S. amager 3 0 13 16 
S. anatum 61 48 0 99 
S. cambridge 1 2 0 3 
S. give 2 9 0 1l 
S. lexington 0 + 0 4 
S. london 1 10 0 ll 
S. meleagridis 3 21 + 28 
S. newbrunswick 8 0 0 8 
S. newington 18 6 4 28 
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TABLE 1—continued. 




















No. of strains from 
1 no. 
Salmonella type a pd 
humans animals other sources 

Group E 

S. orion 9 3 0 12 

S. senftenberg 13 0 70 83 

S. vejle 1 0 0 1 
Group F 

S. rubislaw 3 9 0 12 
Group G 

S. mississippi 2 0 1 3 

S. worthington 10 0 0 10 
Group I 

S. hvittingfoss 3 0 1 4 

S. orientalis 0 3 0 3 
Further Groups 

S. adelaide 77 14 0 91 

S. champaign 0 1 0 1 

S. morotai 2 0 0 2 

S. waycross (S. atherton) 30 2 0 32 
Totals 2,356 862 122 | 3,340 











cholerae-suis (including var. kunzendorf) was represented by 151 strains, most 
of which came from pigs; only 4 human strains occurred. Of the remaining 
types, S. derby (total 124), S. newport (total 109), S. anatum (total 99), and 
S. adelaide (total 91) were the commonest. These four types were found in 
both human and animal infections. S$. adelaide was mainly found in humans 
and a detailed analysis of the sources of 50 of the strains included in Table 1 
was given by Atkinson, Geytenbeek and Woodroofe (1952). S. derby and S. 
newport were together responsible for 164 human infections. Several strains of 
S. derby included in Table 1 came from a hospital outbreak described by Rubbo 
(1948) and Mushin (1948). S. anatum was obtained in almost equal numbers 
from both humans and animals. Occasional human infections were due to S. 
muenchen (42 human strains) and S. chester (30 human strains), which occurred 
even less frequently in animals. 

The remaining 50 types in Table 1, with the exception of S. blegdam, S. 
senftenberg and S. waycross, provided less than 30 strains each and frequently 
less than 10 strains each. The 51 strains of S. blegdam in Table 1 came almost 
exclusively from infections in military personnel or natives in the New Guinea 
area during and just after World War II and were described in detail by Atkinson 
et al. (1949). No strains of S. blegdam have since been found. Of the 83 strains 
of S. senftenberg in Table 1, 18 came from sporadic human infections and the 
remaining 70 all came in 1953 from investigations of coconut suspected of caus- 
ing typhoid fever (Wilson, 1955). The 32 strains of S. waycross in Table 1 
included 29 strains from a single outbreak described by Ferris, Hertzberg and 
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Atkinson (1945) in a military establishment on the Atherton Tableland, Queens- 
land, in 1944. These strains, at that time, constituted a new type and the name 
S. atherton was suggested for them. The antigenic formula was not then com- 
pletely worked out, but the Atherton strains were later described in detail by 
Atkinson, Woodroofe and Macbeth (1950). They were found to be identical 
with a new type, S. waycross, described by Seligman and Saphra (1948). Of the 
three remaining strains of S. waycross in Table 1 one came from a case of gastro- 
enteritis in South Australia, and was described in detail by Atkinson, Woodroofe 
and Macbeth (1950), and the other two came in 1954 from two Queensland 
lizards (Lee and Mackerras, 1955). No doubt this type is rare in Australia. 


The commonest types in Australia were therefore S. typhi-murium, S. 
cholerae-suis, S. bovis-morbificans, S. derby, S. newport, S. adelaide, $. muenchen 
and S. chester. For all these types except S. bovis-morbificans the totals in Table 
1 represented a reasonably steady inflow of strains over the years and thus a 
regular endemic incidence. The total of 532 strains of S. bovis-morbificans 
represented, however, not only a steady stream of strains over the years, but 
also an epidemic burst of strains in 1947 from Queensland during a severe out- 
break of gastro-enteritis described by Mackerras and Mackerras (1949). From 
this epidemic 248 human strains are included in the total of 485 human strains 
in Table 1. Even if these epidemic strains were taken away from the total 
number of 532, S. bovis-morbificans was still far ahead of the other types with 
a total of 284 compared with the next commonest type, S. cholerae-suis, which 
totalled only 151. Without doubt S. bovis-morbificans infections are endemic 
in Australia. This regular endemic incidence seemed to be peculiar to Aus- 
tralia and was noted by Miller, Nicol and Ramsden (1955) in their account of 
the recent Preston (England) outbreak of food poisoning due to S. bovis- 
morbificans. These authors quoted figures on the occurrence of S. bovis-morbi- 
ficans in various parts of the world and commented on the rarity with which it 
caused food-poisoning, not only in England, but elsewhere. In support of the 
endemicity of S. bovis-morbificans in Australia, a more detailed analysis of the 
532 strains in Table 1 is presented in Table 2. 


Table 2 shows the yearly totals of strains of S. bovis-morbificans, as well as 
the numbers of human, animal and other strains received from each State each 
year. South Australia, Queensland and New South Wales supplied most of the 
strains in Table 2. The very small number of strains from Victoria and Western 
Australia could not be interpreted as an indication of low incidence in these 
States, but was simply a reflection of the much smaller total number of Salmo- 
nellas they sent in for typing. By far the largest total number (about 1,700) 
of Salmonellas sent for typing came from Queensland. South Australia sent 
about half as many and New South Wales about one-third as many as Queens- 
land. Prior to 1947, however, not many strains for typing came from Queens- 
land and Table 2 contains only one Queensland strain of S. bovis-morbificans 
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TABLE 2. 
Sources of 532 strains of S. bovis-morbificans typed from 1944 to 1954. 
No. of strains from 
Total no. 
Year received Where isolated 
other 
humans animals sources 
1944 9 South Australia 6 3 0 
1945 24 South Australia 15 0 0 
Queensland 1 0 0 
Victoria 1 0 0 
Military Hospitals 7 0 0 
1946 16 South Australia 13 0 0 
Victoria 0 2 0 
Military Hospitals 1 0 0 
1947 264 South Australia 6 0 0 
Queensland 248 9 1 
1948 41 South Australia 8 1 0 
Queensland 27 1 2 
Victoria 0 1 0 
New Zealand 1 0 0 
1949 39 South Australia 9 0 0 
Queensland 17 0 0 
New South Wales 11 1 0 
New Zealand 1 0 0 
1950 30 South Australia 4 0 0 
Queensland 12 0 0 
New South Wales 13 1 0 
1951 20 South Australia 3 0 0 
Queensland 2 7 0 
New South Wales 7 0 0 
Western Australia 1 0 0 
1952 16 South Australia 4 1 0 
Queensland 2 2 0 
New South Wales 7 0 0 
1953 41 South Australia S 1 0 
Queensland 16 5 1 
New South Wales 10 0 0 
1954 32 South Australia 8 0 0 
Queensland 10 7 0 
New South Wales 6 0 1 
Grand Totals 532 485 42 5 




















for the years 1944, 1945 and 1946. In 1947, however, the Queensland epidemic 
produced the largest total number of human strains (248) for any one State for 
one year. The total number of human strains in other years were 24 in 1945, 
14 in 1946, 36 in 1948, 38 in 1949, 29 in 1950, 13 in 1951, 13 in 1952, 34 in 
1953, and 25 in 1954. These figures indicated a regular occurrence of human 
infections with S. bovis-morbificans. Infections in animals were more sporadic 
and only 42 animal strains were received in the period covered by Table 2. Re- 
ference to Table 2 shows that 31 of the 42 animal strains came from Queensland 
where extensive bacteriological investigations of animal infections were in pro- 
gress (Simmons and Sutherland, 1950; Simmons, 1951). More animal strains 
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from the other States would probably be forthcoming if more investigations 
were carried out. 
The following figures derived from Table 1 give the number of strains 
occurring in the various O groups: 
Group A—4 strains (all S. paratyphi A). 
Group B—1,798 strains (including 1,557 S. typhi-murium, 124 S$. derby, 42 
S. chester). 
Group C—998 strains (including 532 S. bovis-morbificans, 151 S. cholerae- 
suis, 109 S. newport, 68 S. muenchen). 
Group D—78 strains (including 51 S. blegdam from New Guinea). 
Group E—304 strains (including 99 S. anatum, 83 S. senftenberg of which 
70 came from coconut, 28 S. newington, 28 S. meleagridis). 
Group F—12 strains (all S. rubislaw). 
Group G—13 strains. 
Group I—7 strains. 
Further Groups—126 strains (including 91 S. adelaide, 32 S. waycross). 
From these figures, Group B (1,798 strains) was encountered most fre- 
quently and provided more than half the total number of 3,340 strains investi- 
gated. Although 12 different types of Group B were found (see Table 1) the 
three types, S. typhi-murium, S. derby, and S. chester, together totalled 1,723 
strains, leaving only 75 strains to cover the other 9 types. Group C was the 
next commonest and provided 998 strains or more than one-third of the total 
number investigated. Though providing less strains than Group B, Group C 
showed a greater variety of types of which 19 were found. However, the four 
types, S. bovis-morbificans, S. cholerae-suis, S. newport and S. muenchen, ac- 
counted for 860 strains leaving 138 strains to cover the other 15 types. Group E 
supplied 304 strains, many less than Group B or C, but, nevertheless, well ahead 
of the remaining groups. Twelve different types were found in Group E, but 
S. anatum, S. senftenberg, S. meleagridis and S. newington together accounted 
for 238 strains leaving 66 to cover the remaining 8 types. Further Groups pro- 
vided 126 strains and four different types of which S. adelaide and S. waycross 
together totalled 122 strains. S. waycross strains mainly came from an epidemic 
during World War II and have seldom been found since. S. Adelaide was there- 
fore the only member of the Further Groups regularly occurring in Australia. 
Thus the total number of strains belonging to Groups B, C, E and Further 
Groups was 3,226 which accounted for the vast majority of the 3,340 strains 
tested. Only 114 strains remained to cover Groups A, D, F,G and I. For Group 
D 78 strains were recorded of which 51 were S. blegdam, found only in New 
Guinea during World War II. The real incidence of Group D in Australia was 
therefore represented by the remaining 27 strains which included five types, the 
commonest of which was S. enteritidis (16 strains). Groups A, F, G and I con- 
tained only 36 strains between them and together with Group D were very 
rare in Australia. 
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SOME RECOMMENDATIONS FOR SIMPLIFIED TYPING IN AUSTRALIAN LABORATORIES. 


The exact determination of the type of a Salmonella depends upon the sero- 
logical investigation of the O and H antigens and may involve a complicated 
series of tests with a wide range of antisera. However, the results presented 
here show that about 96 p.c. of Australian Salmonellas belonged to Group B, 
C or E or were S. adelaide. The O group of a strain could very often be deter- 
mined therefore by testing with a polyvalent O antiserum covering Groups B, 
C, E and S. adelaide. If the strain reacted with this serum, it should be further 
tested with four separate O antisera representing Groups B, C, E and S. adelaide 
respectively. Little cross-agglutination occurs between these four antisera with 
one of which the strain should react strongly and thus determine the O group. 
If the S. adelaide O antiserum strongly agglutinated the strain, it could be ten- 
tatively labelled S. adelaide as no other type with the S. adelaide O antigen has 
been found in Australia. If the strain reacted strongly with Group B O anti- 
serum it would very probably be S. typhi-murium. The figures in Table 1 show 
that out of 1,798 strains placed in Group B, 1,557 were S. typhi-murium, that is 
about 86 p.c. of the Group B strains were S. typhi-murium. 


A Group B strain should therefore be further tested to determine if it is 
S. typhi-murium. This determination depends upon the detection of the specific 
H antigen i which characterises S. typhi-murium and occurs in no other type 
in Group B. If a phase 1H suspension of the strain reacted with H antiserum 
representing the H antigen i, the strain would be S. typhi-murium. 


The following scheme is therefore recommended for investigation of a 
strain of Salmonella in the laboratory in which it is isolated. The strain is 
tested by slide agglutination with the polyvalent Group B, C, E, and S. adelaide 
O antiserum. If it reacts with this serum it is then tested by slide agglutination 
with four O antisera representing Groups B, C, E and S. adelaide. It should 
agglutinate with one of these sera which represents its O group. These two 
simple tests should give the O groups of 96 p.c. of Australian Salmonellas. 
Strains reacting with S. adelaide O antiserum can be tentatively reported as 
S. adelaide. Strains reacting with Group B O antiserum are frequently S. typhi- 
murium. Phase 1 H suspensions of Group B strains are therefore tested with 
H antiserum representing the H antigen i. If they agglutinate, the strains are 
identified as S. typhi-murium. 


The five O antisera and the H antiserum for H antigen i should preferably 
be supplied by a central laboratory such as the Commonwealth Serum Labora- 
tories or this laboratory. 


By the use of these few simple tests the O group of most Australian strains 
of Salmonella will be found, and many of them will be identified as S. typhi- 
murium. For complete identification, strains should be sent here to the Salmo- 
nella Typing Centre. 








NANCY ATKINSON 
SUMMARY. 


Fifty-nine different Salmonella types were found among 3,340 strains inves- 
tigated. The commonest types were S. typhi-murium, S. bovis-morbificans, S. 
cholerae-suis, S. derby, S. newport, S. anatum and S. adelaide in that order. 

About 96 p.c. of the total strains were placed in Groups B, C or E or were 
S. adelaide. Groups A, D, F, G and I were represented by only small numbers 
of strains. On the basis of these results recommendations are made for the use 
of simplified methods for determination of the O group of a strain and for the 
identification of S. typhi-murium which constituted 86 p.c. of all Group B 
strains examined. 
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THE ACTION OF STROPHANTHIN-G AND DIGOXIN ON 
ENERGY PRODUCTION IN THE ISOLATED TOAD HEART 
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Although the positive inotropic response produced by the cardiac glycosides 
on the hypodynamic heart has been recognised and used clinically for many 
years, the study of changes in metabolism and energy liberation which accom- 
pany this inotropic response has yielded a mass of conflicting data. 


Peters and Visscher (1936) recorded an increase in mechanical efficiency 
in the dog heart lung preparation following the administration of the glycosides 
scillaren B, ouabain and digilanid. Eismayer and Quincke (1930) using an 
isolated frog’s heart perfused with Ringer, and David (1930) using isolated 
frog’s auricle, both noted a decline in efficiency following the addition of 
strophanthin-G; in both cases this fall in efficiency was associated with a raised 
oxygen consumption. Gottschalk (1913) found that strophanthin-G (1 x 10-°) 
decreased the rate of oxygen consumption of the isolated frog’s heart; Gremels 
(1937) recorded a fall in oxygen uptake after the addition of strophanthin and 
digitoxin to a heart lung preparation. 


Recent studies indicate that, at suitable concentrations, the glycosides do 
produce an increase in respiration (Wollenberger, 1947; Herrmann, 1954; Doull 
et al., 1951) which may be followed by a secondary fall. Lee (1953) reported 
that the increase in force of contraction of the cat papillary muscle produced 
by ouabain was not associated with an increase in oxygen consumption but that 
the increased respiration was associated with the occurrence of spontaneous 
contractions. 


This paper presents an investigation carried out in an attempt to elucidate 
further the mode of action of the two cardiac glycosides ouabain (strophanthin-G ) 
and digoxin, and to determine whether the inotropic response produced by them 
is due to a changed metabolism resulting in greater energy liberation or to an 
increase in efficiency of energy transfer. 





1 The expenses of this investigation were defrayed by a grant from the Life Insurance 
Medical Research Fund of Australia and New Zealand. 


Austral. J. exp. Biol. (1956), 34, pp. 377-388 
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METHOD. 


The method previously described (Nayler and McKelvie, 1956) for the simultaneous 
observation of oxygen uptake, carbon dioxide production, respiratory quotient, the useful 
external work done by, and the efficiency of, the spontaneously beating toad heart was used 
without any further modification. In brief, this preparation consisted of a Straub recycling 
toad heart placed in a modified Warburg type respiratory chamber from which outlets were 
provided for the measurement of the maximum aortic pressure, the number of drops per 
beat and the number of beats per minute of the spontaneously beating heart. The perfusion 
fluid and experimental procedure were as previously described; all experiments were per- 
formed at 25-0 + 0-05° C. 

Non-hibernating male and female toads of the species Bufo marinus were used. 

In a series of six control experiments using the standard perfusate observations of 
oxygen uptake, carbon dioxide output, maximum aortic pressure, the number of drops per 
beat and beats per minute were recorded at fifteen minute intervals over a period of four 
hours. From these data the respiratory quotient values, the useful work done and the 
efficiency of the heart were calculated throughout the four-hour period. 


In twelve experiments ouabain? (strophanthin-G) was added to the perfusate during 
perfusion to give a final concentration of 1 X 10-5; in six experiments ouabain was added 
to give a final concentration of 1 X 10-6. In a further six experiments digoxin? was added 
to give a final concentration of 1 x 10-8. 


Prior to the administration of the glycosides observations of oxygen uptake, carbon 
dioxide production, maximum aortic pressure, the number of drops per beat and of beats 
per minute were recorded at fifteen-minute intervals over a period of one hour. Following 
the addition of the glycoside to the perfusion fluid the maximum aortic pressure, the number 
of drops per beat and beats per minute were recorded at five-minute intervals throughout 
the following one-hour period; observations at fifteen-minute intervals were then resumed. 
Oxygen uptake and carbon dioxide output were recorded at fifteen-minute intervals through- 
out the entire four hours of observation. 


Dilutions of the glycosides were prepared in standard perfusion fluid. 


RESULTS. 


Control Experiments. 


The observations made in the control series of experiments using the stan- 
dard perfusate throughout the four hours of perfusion are shown in Figs. A-G; 
the mean results of six experiments are displayed. 


Relatively constant rates of oxygen uptake, respiratory quotient and number 
of beats per minute were recorded in all cases and were associated with a 
gradual decline in maximum aortic pressure, the number of drops per beat 
and the useful external work done by the heart. The efficiency of the heart in 
this preparation showed a slow, steady decline, the mean value falling from 
9 p.c. to 4 p.c. over the four hours (see Fig. G). 





2 Quabain (Arnaud): Laboratoire Nativelle product. 
3 Digoxin: Burroughs Wellcome & Co. product. 


























CARDIAC METABOLISM. 





III. GLYCOSIDES 379 


Key to series A-G. 
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Fig. A. Effect of ouabain (1 <X 10-5), digoxin (1 X 10-6), adrenaline (1 x 10—®) 
and noradrenaline (1 X 10-7) on the oxygen consumption, the change in QO, being 
expressed as the percentage increase. 
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Fig. B. Effect of ouabain (1 X 10-5), digoxin (1 X 10—®), adrenaline (1 <x 10—*) 
and noradrenaline (1 X 10-7) on the respiratory quotient values (see text and 
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Fig. C. Effect of ouabain (1 < 10-5), digoxin (1 X 10-6), adrenaline (1 x 10-8) 


and noradrenaline (1 X 10-7) on the maximum aortic pressure — expressed in mm. 


of water (see text and Table 4). 
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Fig. D. Effect of ouabain (1 < 10-5), digoxin (1 x 10-6), adrenaline (1 x 10-8) and 
noradrenaline (1 X 10-7) on the number of 
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Fig. E. Effect of ouabain (1 < 10-5), digoxin (1 x 10—®), adrenaline (1 x 10-8) and 
noradrenaline (1 X 10-7) on the number of beats per minute (see text and Table 4). 
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F. Effect of ouabain (1X 10-5), digoxin (1X 10-6), adrenaline 
—8) and noradrenaline (1 x 10—7) on the useful work done by the heart 
(see text and Table 4). 
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Fig. G. Effect of ouabain (1 x 10-5), digoxin (1X 10-6), adrenaline 


(1 x 10-8) and noradrenaline (1 <X 10-7) on the efficiency of the heart (see 
text and Table 4). 


Oxygen Uptake. 


The addition of ouabain, at a final concentration of 1 x 10-5 produced a 
diphasic increase in the rate of oxygen uptake. In Fig. A the mean result of 
ten experiments in which ouabain was added to the perfusion fluid to give a 
final concentration of 1 xX 10-° is shown —the result being expressed as the 
percentage increase in oxygen uptake per mg. wet heart weight (QO2). The 
initial increase in QO, reached a maximum of 20 p.c. approximately fifteen 
minutes after the administration of the glycoside. Within thirty minutes the 
QO, had returned to normal and was then followed by a secondary increase 
which reached a maximum of 45 p.c. approximately one hour after the addition 
of the glycoside. The rate of oxygen uptake returned to normal within two 
and one-half hours. 


Ouabain 1 x 10-® produced a similar though less marked diphasic increase 
in the rate of oxygen consumption—see Table 1. 

By contrast, digoxin produced a triphasic increase in the rate of oxygen 
uptake when added to the perfusate to make a final concentration of 1 x 10-® 
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—see Fig. A (mean of six experiments). The small initial increase in oxygen 
consumption reached a maximum of 7 p.c. within fifteen minutes, and the 
oxygen consumption returned to normal within twenty-five minutes. This was 
followed by a secondary increase in QO» reaching a maximum of 35 p.c. in 
forty-five minutes and was then followed by a steady fall to a level 10 p.c. 
greater than the initial level of oxygen consumption. A rapid tertiary increase 
in QO, to a maximum of 80 p.c. two hours after the administration of the digoxin 
was then recorded and followed by a rapid fall. Three hours after the addition 
of the digoxin to the perfusate the rate of oxygen consumption was 20 p.c. 
greater than the resting level observed in the initial one hour period. 


Respiratory Quotient. 

Fig. B records the mean respiratory quotient values obtained in ten ex- 
periments in which ouabain and six experiments in which digoxin was added to 
the perfusate to give a final concentration of 1 x 10-5 and 1 x 10~® respectively. 
Table 2 shows the respiratory quotient values noted in three experiments before 
and after the addition of ouabain to give a final concentration of 1 x 10-°. 


It is apparent that ouabain (1 X 10-° and 1 X 10~°) and digoxin (1 x 10-®°) 
failed to produce any significant change in the respiratory quotient values of 
the heart in this preparation. 


Maximum Aortic Pressure. 

Ten minutes after the addition of ouabain to the perfusion fluid giving a 
final concentration of 1 x 10~-5 a slight increase in maximum pressure was con- 
sistently recorded—Fig. C. This increase continued as a slow steady rise to a 
maximum of 160 p.c. at approximately one hour and was followed by a steady 
decline to normal, usually complete in two hours. 


Ouabain (1 X 10-*) produced a similar but less marked increase in maxi- 
mum aortic pressure—see Table 3. 

In Fig. C it is evident that digoxin (1 <x 10—-*) caused an increase in maxi- 
mum aortic pressure similar to that observed following the addition of ouabain. 
The increase reached a maximum of 75 p.c. within forty minutes and this 
raised aortic pressure was sustained throughout the next two hours following 
which it returned to the normal level. 


Drops Per Beat. 


Digoxin (1 x 10-°) and ouabain (1 x 10-5) both produced an increase in 
the number of drops per beat—see Fig. D. In the case of ouabain the maxi- 
mum increase was reached thirty minutes after the addition of the glycoside 
whereas digoxin produced its maximum effect within ten minutes; the increased 
number of drops per beat was sustained over two hours with both glycosides. 
Ouabain (1 X 10-*) produced a similar increase in the number of drops per beat. 
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386 WINIFRED G. NAYLER 


Rate of Beating. 


Ouabain (1 x 10-5) produced a greater fall in the number of beats per 
minute than did digoxin (1x 10-*). In Fig. E it is evident that the fall in 
the number of beats per minute following the action of ouabain (1 X 10-5) does 
not reach a maximum until thirty minutes after the addition of the glycoside. 
Ouabain (1 X 10-°) resulted in a slight fall in the number of beats per minute, 
similar to that observed in the case of digoxin (1 x 10-°). 


Work Output. 


In Fig. F the effect of ouabain (1 x 10-*) and digoxin (1 X 10-*) on the 
useful work done by the heart in this preparation is clearly indicated. Both 
glycosides caused a marked increase in the work output, an increase being 
evident ten minutes after the addition of the glycoside and reaching a maximum 
in approximately thirty minutes. It is interesting to note that, although digoxin 
(1 X 10-*) acted more rapidly than ouabain (1 X 10-5) in increasing the work 
output of the heart, both preparations returned to normal within the same time 
interval, i.e. three hours. 


Efficiency. 

Associated with the marked increase in the useful work done by the heart 
in this preparation following the addition of these two glycosides there was a 
marked and sustained increase in efficiency—see Fig. G. Following the addi- 
tion of ouabain (1 X 10-5) to the perfusion fluid there was a steady rise in effi- 
ciency, the maximum increase of 70 p.c. being reached one hour after the addi- 
tion of the glycoside. Likewise digoxin (1 X 10-*) produced a marked in- 
crease in efficiency reaching a maximum of 60 p.c. within twenty minutes. In 
both cases the efficiency slowly returned to its normal level, the recovery being 
complete in three hours. 

Incorporated for comparison in Figs. A-G are the mean results obtained 
in six experiments in which adrenaline was added to the perfusate to give a 
final concentration of 1 X 10—*, and six experiments in which noradrenaline was 
added to give a final concentration of 1 x 10-7. These results have been de- 
scribed in detail in a previous report (Nayler, 1956). 


DISCUSSION. 


The heart used in this preparation is in some respects analogous to a 
physiologically failing heart, i.e. it is distended and is pumping against a head 
of pressure. The presented data therefore are relevant only to such a prepara- 
tion and may not be identical with those which might be obtained using a 
physiologically normal heart. Ransom and Loomis (1952) have reported that 
rat atria contracting under tension have a higher respiratory quotient than atria 
contracting without tension. 
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Ellis’s study (1953) of the importance of the known metabolic pathways for 
the positive inotropic action of the glycosides indicated that any study of 
changes in metabolism which may accompany the action of the glycosides 
will be significant only if sufficient endogenous and exogenous substrate is avail- 
able. Thus Lundin and Strém’s preparation of frog’s cardiac muscle failed to 
respond to cardiac glycosides under anoxic conditions in the absence of glucose; 
the cardiac muscle preparation of Ellis (1953) responded under anoxic condi- 
tions if glucose was added to the perfusion fluid. Since, in the present study, 
glucose was added in a concentration of three grams per litre, the availability 
of an exogenous substrate is not a factor to be considered here. 

Associated with the cardiotonic action of the glycosides a marked stimulation 
in respiration has been recorded. Recently Lee (1953) reported that the in- 
crease in oxygen consumption following the addition of ouabain to cat papillary 
muscle suspended in a modified Warburg respiratory chamber did not occur 
until well after the maximum effect on the contraction had taken place. The 
data presented in Figs. A and F indicate that, in this preparation, an increase 
in oxidative metabolism is associated with the change in mechanical activity, 
i.e. with the increased work output and maximum aortic pressure and the decline 
in the rate of beating. The small initial increase in respiration recorded immedi- 
ately following the addition of the glycosides to the perfusate may be associated 
with the passage of the glycoside into the cell, ie. with a change in cell mem- 
brane permeability (Wollenberger, 1947). Lee (1953) noted this initial increase 
in some preparations. Whereas the secondary stimulation in respiration appears 
to be associated with the increased work output and efficiency there is, at 
present, no satisfactory explanation for the tertiary stimulation of respiration 
recorded in the studies using digoxin. 

It is apparent in Fig. A that the stimulation of respiration associated with 
the action of these glycosides is sustained over a greater period of time than 
was the case with adrenaline and noradrenaline. 

Ransom and Loomis (1952) suggested that an increased metabolism of 
some substrate other than glucose may occur when therapeutic doses of ouabain 
are given. The failure to detect any significant change in respiratory quotients 
accompanying the action of the glycosides in this study indicates the possibility 
that they do not cause a change of substrate metabolism but rather that they 
bring about their effect by disturbing some phase of energy utilization. 

It has been noted above that the increased efficiency brought about by 
the glycosides in this preparation is marked and sustained over a considerable 
period of time. In contrast, the increase following the addition of adrenaline 
(1 x 10-®) to the perfusion fluid previously noted (Nayler, 1956) was small 
and maintained over a very limited period; noradrenaline (1 x 10-") produced 
a fall in efficiency. The changes in respiratory quotient values observed sug- 
gested that the cardiotonic effect of these sympathomimetic amines was due, in 
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part at least, to a change in the chemical liberation of energy; the glycosides, on 
the other hand, do not appear to affect the chemical production of energy but 
rather the utilization of that energy and the transference of it into mechanical 
work. These results support the conclusions reached by Ellis (1953) and 
Wollenberger (1949). 


SUMMARY. 


Using a modified Warburg-type apparatus the effects of ouabain (stro- 
phanthin-G) and digoxin on the isolated spontaneously beating toad heart have 
been studied. 

Both glycosides caused marked stimulation in respiration, associated with 
an increase in useful work and an increase in efficiency. 

Unlike adrenaline and noradrenaline the glycosides failed to produce any 
change in respiratory quotient values. 
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It is generally believed that iron must be in the ferrous or reduced state 
before it can be absorbed by the mucosa of the gastrointestinal canal. Lintzel 
(1933) administered a few mg. a-a’-dipyridyl to rats and observed that one or 
two hours later the stomach contents were coloured red in the region of the 
pylorus. As dipyridyl combines with ferrous but not with ferric iron, he con- 
cluded that reduction of iron present in the food takes place in the stomach. 
Lintzel also mixed dipyridyl with the food of young rats. After four weeks it 
was found that the weight, haemoglobin value and total iron were less than 
the corresponding values in control rats. He assumed that the ferrous iron 
dipyridyl complex was completely excreted and regarded the findings as further 
evidence that iron must be reduced before absorption. This latter experiment 
is open to the objection that dipyridyl administered over a long period may 
of itself have interfered with the growth of the animals. Lintzel considered 
this possibility, but failed to demonstrate convincingly the lack of toxicity of 
dipyridy] in the amounts used. 

The relative amounts of ferrous and ferric iron compounds absorbed vary 
in different species. Moore, Dubach, Minich and Roberts (1944) administered 
radioactive iron by mouth and measured the absorption in dogs and humans. 
They found that, in dogs, approximately equal absorption of iron occurred 
whether it was fed in ferrous or ferric form, whereas the human absorbed ferrous 
iron much more readily. Austoni and Greenberg (1940) found that rats ab- 
sorbed iron to an equal extent with both forms, whilst in the experiments of 
Brading, George and Walsh (1956) more iron was absorbed after feeding the 
ferric form. No adequate explanation has been offered for these species differ- 
ences. It has been suggested that dogs and rats may be able either to reduce 
ferric iron more easily than can man, or to absorb ferric iron as such. The 
present work was undertaken to determine whether ferric iron is absorbed in 
rats without preliminary reduction. 





1 This work was undertaken during tenure of a Colombo Plan Senior Medical Fellowship. 
Permanent address: Nutrition Research Institute, Coonoor, India. 
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Radioactive iron in both the ferrous and ferric state was mixed with 
dipyridy] and fed to separate groups of young rats. In each instance the amount 
of iron absorbed was measured by determining the radioactivity of the blood, 
liver and spleen of the animal. It was assumed that if ferric iron was reduced 
in the stomach it would combine with the dipyridyl in the stomach to form a 
ferrous iron dipyridyl complex which, according to Lintzel, is not absorbed. In 
these circumstances there would be no difference in the absorption of iron in 
the two groups. On the other hand, if ferric iron is absorbed as such the group 
given the ferric form would absorb more iron than the group given the terrous 
form, since ferric iron does not readily combine with dipyridyl in the acid 
contents of the stomach. 


METHODS AND MATERIALS. 


Radioactive Iron. Fe5® was obtained from A.E.R.E., Harwell, through the Common- 
wealth X-Ray and Radium Laboratory, Melbourne, in the form of ferric chloride (FeCl,). 
One-third of the aliquot was reduced and used in the form of FeSO, (Brading et al., 1956). 
In the preparation of FeSO, a small amount of iron was lost. The actual iron content ad- 
ministered was calculated from the radio-assay result of an aliquot of the reduced solution 
and found to be 0-076 mg. per ml. The solution of FeCl, contained 0-091 mg. of iron per 
ml. and 16-584 microcuries. 

Rats. Albino rats weighing between 162 and 230 grams were divided into three groups 
and starved for 24 hours before receiving iron. 

Administration of Iron. Approximately 15 minutes before administration, 3 ml. of a 
solution containing 4-5 mg. dipyridyl were mixed with 3 ml. of the reduced iron solution, 
this quantity of dipyridyl being twice that required to combine with the iron in solution. 
Under light ether anaesthesia, 1 ml. of this solution followed by 2 ml. water was adminis- 
tered to each rat of the first group by stomach tube. The second group of rats was similarly 
treated with a solution containing ferric iron and dipyridyl in the same amounts. The third 
group received ferric iron diluted with an equal volume of water. 

Preparation of Specimens for Assay. At the end of three weeks all the animals were 
killed in the manner previously described (Brading et al., 1956). Blood was obtained from 
the heart, and the liver and spleen were perfused with physiological saline through the 
inferior vena cava. 

Radioassay of Specimens. The blood and tissues from each animal were digested with 
sulphuric and perchloric acids and the radioactivity measured as previously described (Walsh, 
Kaldor, Brading and George, 1955). Samples of both the ferrous and ferric iron as ad- 
ministered to the rats were also prepared for radioassay. 

Calculation of Results. The amount of iron and the percentage of the administered 
dose absorbed were calculated for each rat from the radioassay results of the blood, liver 
and spleen. The total blood volume was taken to be 67 ml. per kg. body weight. Details 
of the calculations have been described earlier (Brading et al., 1956). It should be mentioned 
that the amount of iron absorbed is slightly greater than is indicated by the calculated figures, 
because the small amounts deposited in other parts of the body were not assayed. 


RESULTS. 


The results are presented in Table 1. It will be seen that the animals 
receiving ferric chloride alone absorbed 26-4 p.c. of the administered dose, 
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whereas animals receiving ferric or ferrous iron together with dipyridyl absorbed 
only relatively small amounts. The difference between the latter two groups is 
not significant. The Table also shows large increases in weight in all three 
groups during the 21-day period of the experiment. This rapid growth may 
account for the fact that an unusually large percentage of the absorbed iron was 
found in the blood. 

The possible local toxicity of dipyridyl in relation to the absorption of iron 
was considered. In a series of experiments in rats the stomach was ligated at 
both the cardiac and pyloric ends. A gastrostomy was performed, a small rubber 
tube inserted into the stomach and retained with a purse-string suture. The 
stomach was irrigated with physiological saline through the tube until the wash- 
ings were clear. Solutions of dipyridyl or dipyridyl combined with an equiva- 
lent amount of ferrous iron were then introduced into the stomach and the 
tube clamped. Approximately twice the amount of dipyridyl was introduced 
as was used in the experiment with radioactive iron. After 60 minutes, fluid 
was withdrawn from the stomach and tested for proteins by the biuret method. 
No difference was found between these rats and the control group receiving 
water alone, and it was concluded that dipyridyl was not a severe gastric irritant 
in the amounts used. 


DISCUSSION. 


These results show that when dipyridyl is administered with a single dose 
of either ferric or ferrous iron, the absorption of iron is impaired. There was 
no significant difference between the amount absorbed from ferric or ferrous iron 
when these were mixed with dipyridyl. This finding lends support to the view 
that ferric iron must first be reduced to the ferrous state before being absorbed. 
If ferric iron were absorbed as such, the presence of dipyridyl would not inter- 
fere with absorption, because ferric iron combines only to a negligible extent 
with dipyridyl at the pH of the rat’s stomach (pH 1-1). Ina preliminary experi- 
ment, ferrous and ferric iron at pH 1-1 were mixed with dipyridyl and the 
colour densities compared after one hour at 520 millimicrons in a Unicam spectro- 
photometer. It was found that the colour density developed in the ferric iron 
dipyridyl mixture was only 1 p.c. of that developed in the ferrous iron dipyridyl 
mixture. 

It may be asked why any iron was absorbed from the iron dipyridyl mixtures. 
No adequate explanation can be offered, but it is possible that not all the ferrous 
iron was combined with the dipyridyl. The same possibility may exist in the 
case of the ferric iron; some reduced iron may be absorbed before it can com- 
bine with dipyridy]l. 

The question still remains, why some species absorb iron fed in the ferric 
form to the same extent as in the ferrous. In an experiment in which a ferric 
chloride solution at pH 1-1 was incubated with pulverised rats’ food it was 
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found that all the iron remaining in solution was present in the ferrous state. 
It is possible that the diet of these animals has a greater reducing power than 
that of man. Unlike that of man, the diet of laboratory rats is constant and its 
greater reducing power may explain the apparently greater ability of the rat to 
reduce ferric iron prior to absorption. 


SUMMARY. 


Single doses of radioactive ferrous and ferric iron were fed to rats together 
with a-a’-dipyridyl. The absorption of iron from both groups was approximately 
equal and only about one-fifth the absorption which took place when ferric iron 
was administered alone. Since ferric iron does not combine with dipyridyl to 
an appreciable extent, the results indicate that ferric iron is reduced to the 
ferrous state in the rat's stomach before absorption. It is suggested that the rat 
absorbs as much iron fed in the ferric as in the ferrous form because of the 
presence of reducing substances in the homogeneous diet of the laboratory rat. 
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It was reported in an earlier paper (Moss, 1952) that cytochrome a, of 
Escherichia coli grown in continuous culture was produced in greater amounts 
when environmental oxygen tension was low, than at higher oxygen tension. 

Increase of haem respiratory pigments of certain invertebrates in response 
to low environmental oxygen tension has been reported in a number of papers 
by Munro Fox. Similar observations have been made in fishes and mammals 
by others. This topic is reviewed by Munro Fox (1955). 

It was thought that at low oxygen tension, the oxygen demands of the organ- 
ism may be met by an adjustment of the cytochromes analogous, at the enzyme 
level, to morphological changes of a compensatory nature observed in more dif- 
ferentiated forms in response to conditions which interfere with function. This 
idea is supported by the experiment to be described. 


MATERIALS AND METHODS. 
Apparatus. 


An automatic continuous culture apparatus was used. A number of similar devices have 
been described (see review by Novick, 1955). 

The apparatus which was made from stainless steel is shown in Fig. 1. 

The tank was of 10 litre capacity and was heated by a thermostatted waterbath. 

The culture was agitated by four paddles rotated at 500 r.p.m. The lowest paddle was 
surrounded by a cup into which entered the opening of a tube from an optical cell through 
which the culture circulated. The influx to this cell passed through the bottom of the tank 
outside the cup. Before entry into the optical cell, bubbles were removed from the culture 
by flotation by the device shown. The bubble separator was held in a burette stand so that 
the height and the angle could be adjusted. 

The optical density of the culture was maintained within 5 p.c. of a preset value by 
continuous dilution, which was controlled by the following photo-electric apparatus: A con- 
stant light source from a 6 V. 35 watt lamp, supplied by a battery and trickle charger was 
focussed at the optical cell. The optical path of the cell was adjustable between 2 cm. and 





1 The work has been carried out by the aid of grants from the National Health and Medi- 
cal Research Council of Australia, the University of Sydney Medical Research Fund and the 
University of Sydney Cancer Research Fund. 
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Fig. 1. 

Inlet and outlet to medium preheat- 
ing coil. 

Medium inlet. 

Overflow tube—with baffle surround- 
ing internal opening. 

Rotating electrode. 

Berkefeld candle. 

Inlet and outlet (}-in. I.D.) to opti- 
cal cell. 

Optical cell. 

For separation of bubbles —the gas 
space above fluid level is connected 
to the aerator. 

Paddles 1}-in. diam. 

Froth breaker. 

Waterbath. 

Photoelectric cell. 
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Fig. 2. Photocell amplifier for control of turbidity. 

M: 0-10 mA D.C. 

REL: Type 3000 P.M.G. relay, 2000 Q resistance, 
fitted with standard “microswitch”. Difference be- 
tween operating and releasing currents ~ 1 mA. 


S: “Microswitch” connected in series with flow control 
solenoid. 


0-5 cm. by the insertion of perspex discs inside the cell. The cell was able to be taken apart 


rapidly for the purpose of cleaning optical surfaces, with only momentary interruption of 
the experiment. A photocell and amplifier (Fig. 2) operated a microswitch when a preset 
critical optical density was reached. The microswitch operated a solenoid-operated hose-cock 
(not shown) which regulated the influx of medium. The inflowing medium was preheated 
by passing through a coil in the waterbath. 

The internal opening of the overflow, the height of which was adjustable, was l-in. in 
diameter and was surrounded by a perforated cylindrical baffle of 2-in. diameter. 

The culture was aerated by an O,/N, mixture from cylinders through four grade M 
Berkefeld filter candles. A fifth candle supplied a slow but unmeasured stream of CO, 
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which was constant in all experiments. The manifold in which O, and N, were mixed was 
connected by a bye-pass to a manometer, and also separately to the electrolysis cell of a 
polarograph (not shown). The cell contained a KCl solution through which a slow 
stream of the O,/N, mixture was bubbled, in order to measure the CO, in the gas mixture. 

Frothing in the tank was controlled by a rotating blade. 

Oxygen tension was measured amperometrically by a rotating electrode similar in 
principle to that used by Longmuir (1954) and Warshowsky and Schantz (1954). The 
electrode was constructed from a 1 ml. pipette by fusion through the tip of a platinum wire 
to which was welded a gold ball of 1:5 mm. diameter. The tip of the pipette was then 
bent at right angles so that the radius of rotation of the centre of the ball was 0-4 cm. 

Electrical contact was established by filling the pipette with mercury which was in 
contact with a copper wire which passed to an armature and carbon brushes fitted to the 
shaft of a constant speed motor of speed 1400 r.p.m. 

The organism was the National Type culture strain of Aerobacter aerogenes No. 418. 

The medium consisted of KH,PO,, 1-0 gm.; (NH,),HPO,, 4-0 gm.; sodium citrate 2-0 
gm.; NaCl 1-0 gm.; MgSO,.7H,O, 0-7 gm.; FeSO,.7H,O, 0-125 gm.; glucose 0-5 p.c.; 
peptone 0-1 p.c. tap water to one litre. 

Procedure. 


Culture was prepared by growth overnight in a 5 litre flask filled to the neck (still- 
grown). 

At the commencement of the run, three litres of air-saturated medium at pH 6-4 and 
37° C. was added to the tank and the diffusion current, plus residual current, was read. 

In general, the applied voltage was kept at — 1-0 V (vs. calomel cell) and altered to 
— 0-75 V just before reading the diffusion current. 

The tank was then gassed with cylinder nitrogen until a constant galvanometer reading 
was obtained. As a check to the calculated diffusion current corresponding to the required 
oxygen concentration for each run, a calculated amount of air-saturated medium was added 
to the tank with the stirrer in operation and the diffusion current read quickly. The froth 
layer was found to prevent gas exchange for some minutes. Two litres of culture was then 
added, the pH was adjusted to 6-4 and the residual current determined. Aeration pressure 
was maintained at 50 mm. Hg in the manifold in all experiments. Oxygen tension in the 
culture was controlled by adjustment of the O, cylinder valve initially, small adjustments 
being made by alteration of bacterial density. pH was adjusted at 6-4 until maintained at 
this value by continuous dilution. 

Aeration and continuous dilution were not commenced until the turbidity reached a value 
corresponding about 0-2 mg. per ml. dry weight of bacteria. 

The overflow was collected under nitrogen, the rate of flow noted, and transferred as 
soon as possible to a Sharples centrifuge. 

Centrifugation was carried out at a standard speed and flow rate which produced a 
paste of almost constant cell density. The paste was kept at — 20° C. until the end of the run. 

In some experiments O, concentration was maintained at low values, at which the 
respiration rate was demonstrably dependent on O, concentration. 

The rotating electrode could not be used in agitated culture when O, concentration was 
below 10—6M. 

Below 10—®M, O, concentration was estimated as follows: 

In a previous paper (Moss, 1952), oxygen tension of an aerated bacterial culture was 


calculated from the relationship = = a(G@—S) — gm. Where S is O, concentration in the 
dt 


culture, G is the O, partial pressure in the gas phase, a is a constant, q is a specific O, up- 
take rate when independent of O, concentration and m is the bacterial density. Longmuir 
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(1954) has shown that the O, uptake rate is related to S as in the Michaelis-Menten equation. 
This equation is substituted for qm in the above expression which becomes 


dS gms 
In the steady state which experimentally is rapidly established, S was found from 





qmS 
K,,+8 


that the galvanometer deflection was not automatically recorded and consequently dilute 
bacterial suspensions were used. The K,, value of still-grown cells was 1-01 x 10-®M, 
which is the mean of 10 determinations varying from 1-2 X 10—-® to 0:93 X 10-8M. The 
rate of O, uptake, qm, was found from the slope of the linear part of the O, concentration- 
time curve which was measured by the rotating electrode on cessation of aeration following 
a short period of aeration. The specific oxygen uptake rate doubled during aeration; con- 
sequently, the oxygen tension which followed from a particular preset oxygen partial pressure 
decreased as q increased. The partial pressure of oxygen was difficult to control at the low 
values required to maintain S at less than 10—-®M. Values of S less than 10-®M recorded 
in Fig. 6 are mean values recorded during an experiment; these are of low accuracy and 
are shown to the nearest log. 


a(G—S) — 





= 0. K,, was measured as in Longmuir’s experiment (1954) except 
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Fig. 3. Reflectance spectra from A. aerogenes paste 
(1) still-grown (2) and (3) after 2 and 4 hours respec- 
tively in 10°M of O2. The background curve is shown 
in each case. 
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Reflectance Spectrophotometry. 

The cytochrome content of each hourly sample of paste was measured by reflectance 
spectrophotometry. This method has been described fully by Giovanelli (1956). 

The cell paste at room temperature was transferred to an optical cell of 2-5 cm. diameter 
and of sufficient depth, 0-25 cm., to ensure negligible transmission. 

A General Electric automatic recording Hardy type spectrophotometer was used. The 
band width was 10 mun. 

The sensitivity of the spectrophotometer was such that cells showing 0-06 p.c. absorp- 
tion at 560 my yielded 1 y per gm. dry weight of protohaemin chloride. 

Since the specific extinctions of cytochrome b, a,, and a, are unknown, the cytochrome 
concentration has been expressed in terms of the change in reflectance per cent. of incident 
light at the maximum of the absorption band. 

Fig. 3 shows absorption curves obtained by reflectance, together with background curves. 
The ratio of the maxima of y, a, and g bands at 426, 524 and 560 of cytochrome b, were 
2-9, 0-38, 1 respectively. 

The ratio of the extinction coefficients of ferro-cytochrome c for y, a and f bands is 
5-3, 0-6, 1-0 (Lemberg and Legge, 1949). The ratio of the Soret band and the band 
at 560 mp in A. aerogenes was found to be 3-8 by Smith (1954). 


RESULTS. 


The mean hourly development of a2 is shown in Fig. 4. The optimum O, 
concentration for a, development was 10-*M when a, equivalent to 6 p.c. 
absorption was reached in four hours. 





























6t 
a aff 
64 5» /0°M = 
\ 
S $ 
5st 448 
& “7 bs 
8 O/0 'M 
LS s 
48 “6 2 
Ss 02x/0°M vo 
~~ 3+ w 
S " x 
s 05x/0"M S& 
3TS - 
Q 10°=M 
an « 
2: 10°°m a 
5x10 
1+ © o +m /T 
+93 x/0 3M 
&-3x /0°35M 
, HOURS ; : HOURS 
/ 2 3 4 a / 2 3 4 5 


Fig. 4. The mean hourly increase of cyto- 
chrome az measured as absorption per cent. at 
different oxygen tensions. 





Fig. 5. The mean hourly increase of cyto- 
chrome b; measured as absorption per cent. 
Each point is the mean of six values correspond- 
ing to growth at O. concentrations between 
0-95 X 10°M and 10°M. 
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When grown at 5 X 10—-5M and higher, there was a decrease of a2 relative 
to that present in still-grown cells. 

The development of b, is shown in Fig. 5; this was similar at all O2 concen- 
tration between 0-95 x 10-M and 10-*M. The figure represents a mean from 
six experiments carried out between these O2 concentrations. When grown at 
lower O2 concentrations than this there was a marked decrease of b, formation, 
as is shown in Fig. 6. 
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Fig. 6. Showing the maximum development of cytochrome b, 
a; and az during growth at different O. concentrations. The dotted 
curve shows the degree (a) to which O, demands are fulfilled as 
the O. concentration falls. Oxygen concentrations less than 10° 
were estimated indirectly and are recorded to the nearest logw. 
S and A refer to still and anaerobic culture respectively. 


In another strain of A. aerogenes, b, was decreased to the same degree as a2 
when grown at higher oxygen concentration. This strain, however, behaved 
differently in that flocculation of the cells occurred when O2 was increased 
beyond 10-*M. Later the behaviour of this strain changed so that after 1% 
hours of aeration at all oxygen tensions, sudden lysis of a heavy still-grown 
culture occurred. 

Fig. 6 shows the amount of a2, b; and a; present after growth in environ- 
mental oxygen tensions of between 0-95 x 10-°M and about 10-°M. Certain 
experiments at high and low O, concentrations were continued for 9 hours. In 
no case was cytochrome increased after 5 hours of aeration. 

The development of a, was greatest when O, concentration was 10-*M. 
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The amount of b; which was developed after 5 hours was almost indepen- 
dent of O2 concentration from 0-95 x 10-* to 10-®M. 

Cytochrome a, which is represented by a very small band showed a small 
but consistent increase in the amount finally developed as O2 concentration 
during culture was reduced. 
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Fig. 7. The mean hourly specific growth rate (k) at 
various O, concentrations. 


The average rate of cell growth at hourly intervals is shown in Fig. 7. 
Growth rate is recorded as specific hourly rate of increase (Moss, 1952). From 


k, generation time in minutes is equal to = x 60. 


Growth at oxygen tension above 10—-*M shows a lag period up to 45 minutes; 
this was followed by a rapidly increasing growth rate which finally reached a 
specific growth rate of 1-5 which is equivalent to a generation time of 27 
minutes. At lower oxygen tensions growth increased without lag, but did not 
become as rapid as at high oxygen concentrations. 


DISCUSSION AND CONCLUSIONS. 


It is now established that the cytochromes of microorganisms are adaptive, 
induction being brought about by oxygen (Chin, 1950; Hollman and Thofern, 
1955). 

In this experiment, growth and physiological activity have been unrestricted 
except by changes in oxygen tension; so that the possibility that the increase of 
cytochrome content of the culture during aeration was due to both selective 
growth of cytochrome-bearing cells and induction must be considered. 

If selection operates, then: it must be postulated also that of cytochrome- 
bearing cells those with the optimum cytochrome content corresponding to a 
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particular O2 concentration are selected. This implies also that at high O, 
concentration cells containing less than the observed initial concentration in the 
paste are selected. 

Induction as the cause of, at least part, of the observed increase could be 
shown to operate if it were shown that the concentration of cytochrome in the 
cell paste increased at a greater rate than could be accounted for by increase of 
favoured cells, if selection alone were operating. 








TABLE 1. 

Ab, Aas 
Hour Ab’ Aa’ obs. obs. —- — 
Ab, Aas Ab’ Aa’ 
0-1 +22 “17 16 +25 1-35 1-5 

1-2 -38 16 2 -16 1-9 l 
2-3 13 ‘ll 2 22 1-5 2-0 
3-4 03 -08 “2 -12 7-0 1-5 























Showing the mean hourly increase in cytochrome a, concentration grown in 10-* M. concen- 
tration of O, and the b, increase at 10-5 M. O, compared to that expected if increase in cytochrome 
were due only to selective growth of a,-bearing cells Aa’, or b,-bearing cells Ab’. 


Table 1 shows the observed increase of cytochrome in cells grown at 10-*M 
of Oz, in the case of ad, and 10-5M for b;, compared with the corresponding 
cell increase, assuming that there is growth of cytochrome-bearing cells only. 
This presents the most favourable case for selection. The observed hourly in- 
crease Ad» and /\by,, refer to increase in a2 and b, concentration expressed as a 
fraction of that finally developed. /\a’ and Ab’ are the hourly increase in the 
ratio of selected cells to the total, corresponding to Adz and Ab;. The method 
of calculation of a’ and b’ is described later. The table shows that in the two 
instances selected the rate of increase of cytochrome a2 and A is greater than 


can be accounted for by selection. In the case of de, the ratio 4% —, was between 


‘ 


1-5 and 2. This ratio for b; was as high as 7 after 4 hours. ae greater than 
1 were found for cytochrome b, but not a2 grown at all O, concentrations above 
10-®M. 

Thus at least part of the observed increase of cytochrome concentration in 
the cell paste during growth in oxygen must be the result of induction. It is 
likely, however, that cells adjusted to a particular O2 concentration possess a 
selective advantage. 

The ratio of the supposed cytochrome-bearing cells to total cells at any 
time in the accumulated effluent was found as follows: 

If the aerating tank contains N cells of which cN are cytochrome cells, then 
the rate of growth of cytochrome cells is equal to kcN. Since the cell density 
in the tank is constant then the rate of loss of cells in the overflow is also equal 
to kcN. But only a fraction c of the overflow cells are cytochrome cells, and so 
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the rate of gain of cytochrome cells to the overflow is kc?N. So that since N is 
common to both sides of the equation 


dc 
io k(c—c?) 


From this c, and f cdt, and ct dt, are obtained. The required ratio c’, at 


a particular time t is the ratio of the number of cytochrome-bearing cells to 
total cells in the accumulated effluent, which is equal to 


fou] fou =1— 22 oes: 


C, 
The growth constant k for aerated cells growing at a * particular O, concentra- 
tion is that observed at the end of the experiment, when all cells are assumed 
to be cytochrome-bearing. The initial value of c’ is the ratio of the initial to 
the final cytochrome concentration in cells grown at a particular O. concentration. 

Whatever the precise nature of the process, it may be said that the cells 
which survive in the presence of oxygen are those in which the cytochrome 
content becomes adjusted. Cells containing a relatively large amount of cyto- 
chrome dz are favoured at a low environmental oxygen tension. 

Adaptation of bacterial populations by selection is discussed by Stanier 
(1953) and van Niel (1955). 

It is uncertain if cytochrome a, is a cytochrome oxidase. Chance (1953) 
obtained results by rapid spectrophotometry which are consistent with the view 
that a. functions as the cytochrome oxidase. However, Keilin (1941), Smith 
(1954) and Tissiéres (1951) point out that there is a lack of parallelism between 
the a, content and respiratory activity of bacteria. 

Barrett and Lemberg (1954) and Barrett (in the press) present evidence to 
show that the prosthetic group of cytochrome a, contains a chlorin (dihydro- 
porphyrin ). 

The marked dependence of a2 content on O, concentration described in this 
experiment is in support of the view that a2 is the oxidase. 

It was of interest to examine the oxygen uptake of unadapted (still-grown) 
cells in relation to the cytochrome development of cells grown at various Oy, 
concentrations. In Fig. 6 the dotted line shows the degree (a) to which the 
maximum O, demand of still-grown cells is satisfied as the Oz concentration is 


diminished. The curve is obtained by substituting a k’ for = in the Michaelis 
k’S 
KatS 
It is seen that most cytochrome dz is developed in adapted cells at O2 con- 
centrations, which limit the respiration of still-grown cells. It was shown in a 
previous experiment (Moss, 1952) that the Qoz of aerated E. coli in which a, 
was augmented as in A. aerogenes, was almost double that of still-grown culture. 





dS . ° . 
equation, > = . The inflexion point of this curve is when S = K,,. 
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Evidently in still-grown cells the respiratory enzymes are not sufficient to make 
use of the full capacity of the organism to produce oxidisable substrate produced 
by glycolysis. At the lowest O, concentrations it is reasonable to suppose that 
the available oxygen is not enough to stimulate induction of the aerobic system. 
When environmental O, is increased, as described, the concomitant a2 induc- 
tion may become sufficient to meet the O2 demands of the organism, in that 
particular O, environment. When OQ, is held at still higher concentrations, it is 
conceivable that now less cytochrome dz is required. 

The mechanism whereby the formation of excess dz is adjusted to Oz con- 
centration may be the oxidation of the chlorin-iron of cytochrome az to porphyrin- 
iron. The fact that cytochrome b,; remains high at high O2 concentrations is 
consistent with this suggestion. Again, the diminished a, content of highly 
oxygenated cells may be brought about by a change-over of the respiratory 
pathway to another system. In support of this possibility the high flavin content 
of aerated cells found by Lenhoff and Kaplan (1953) may be significant. Again 
Pett (1936) showed that yeast adapted to cyanide contained a high content 
of flavin. 

A further possibility is that cytochrome b; may be able to function as the 
oxidase at high oxygen concentrations. 


SUMMARY. 


The content of cytochrome a2 and b, of A. aerogenes grown in the log phase 
in an automatic continuous culture apparatus has been observed at different O. 
concentrations maintained for several hours. 

Reflectance spectrophotometry has been used for the estimation of cyto- 
chrome in situ in bacterial paste. 

The cytochrome az of A. aerogenes which was developed after aeration for 
several hours was found to increase as the environmental O, concentration was 
lowered to 10-*M. At this level respiration was markedly dependent on O, 
concentration. When grown at less than 10-®M of O2 the cytochrome a2 which 
developed again approached the anaerobic level. 

The cytochrome b, developed during aeration for 5 hours above 10-°M 
was almost independent of O2 concentration. Below 10-*M of Oz, cytochrome 
b, diminished to the anaerobic level. 
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